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Vibration-based energy harvesting technique has been considered as a promising 
technology and has attracted noticeable research interests. In practical applications, 
ambient vibrations are normally at low frequencies, or with random and irregular 
frequency peaks, or contain various frequency peaks in different directions. These 
features have limited the output performance and applicability of traditional micro-
electro-mechanical systems (MEMS) energy harvesters. This thesis mainly focuses on 
the development of new MEMS energy harvesting systems for providing reasonable 
and promising solutions to current challenges.  
        In this investigation, a wideband MEMS piezoelectric energy harvester (PEH) 
system incorporating stoppers has been developed for scavenging energy from low 
and random environmental vibrations. The key factors for the frequency response of 
the system, including base acceleration, damping ratio, frequency characteristic and 
stopper distance, have been studied based on a mechanical model. With 
predetermined stopper distances, the system has achieved a wideband range of 32-42 
Hz for one-side stopper and 30-48 Hz for two-side stoppers at 0.6 g. To date, such 
low and wide operating range has not been reported for piezoelectric MEMS energy 
harvesters.  
By incorporating high-frequency lead zirconate titanate (PZT) energy harvesting 
cantilevers as frequency-up-conversion (FUC) stoppers, two PEH systems (PEH-I and 
PEH-II) have been investigated, which have the capability of converting low and 
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random ambient vibrations to high-frequency self-oscillations of the devices. In the 
PEH-II system, the operating frequency range of a meandered PZT cantilever which 
has a low resonant frequency of 20 Hz has been broadened to 13-26 Hz. The peak-
power density of the system reaches to 159.4 μW/cm3 at a relatively low frequency of 
25 Hz and an acceleration of 0.8 g. The proposed system provides a major advantage 
of realizing both frequency widening and FUC simultaneously. The design offers a 
possible solution for harvesting of energy from extremely low frequency vibrations 
such as that of human motion. 
A three-dimensional (3-D) driven electromagnetic MEMS energy harvester with 
multiple resonant modes is also proposed to scavenge energy from out-of-plane mode 
I (frequency of 1285 Hz), in-plane mode II (frequency of 1470 Hz) and mode III 
(frequency of 1550 Hz) vibrations. These three vibration modes are perpendicular to 
each other. The overall optimized power densities of 0.444, 0.242 and 0.125 µW/cm3 
have been achieved at various respective modes. The results show a good potential for 
realizing a practical 3-D vibration-based energy harvester device, which will 
overcome the limitations of the traditional one-dimensional (1-D) energy harvester.  
For each of the proposed energy harvesting system, the design configuration, 
fabrication, modeling, simulation, voltage and power evaluations are presented in 
subsequent chapters. A list of publications arising from this research is shown in 
Appendix C. 
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In recent times, the ever increasing demand for ultra portable and highly efficient 
energy sources requires innovative solutions. MEMS are miniaturized devices that 
enable the operation of complex systems [1]. They might comprise the following: a 
sensor that measures a physical quantity and converts it into a signal; an electronic 
circuit that conditions the sensor signal; and an actuator that responds to the electrical 
signals generated within the circuit [2]. MEMS devices take advantage of integrated 
circuit (IC) fabrication techniques and thus have the characteristics of miniaturization, 
lower power consumption, lower cost, and ease of integration with electronics [3]. 
Research on the application of MEMS to energy systems, which is often referred to as 
power MEMS or MEMS energy harvesters, has been steadily gaining momentum. 
1.1 Motivations 
With the advances in highly integrated microelectronics and wireless communication 
technologies, there is a rapid emergence of low cost, intelligent, wireless sensor 
networks (WSNs) in the past few years. A WSN consists of hundreds of spatially 
distributed ad-hoc micro sensor nodes of low power consumption and multi-function 
for continuous sensing, event detection, location sensing, and local control of 
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actuators. This sensor-rich environment, referred to as “Ambient Intelligence” or 
“Smart Environments”, will dramatically improve the quality of lives in terms of 
environment, security, education, health and well being, and comfort. There have 
been a variety of applications for WSNs suggested in the literature [4, 5] and they can 
roughly be classified into five categories: military, environment, health, home and 
other commercial areas.  
A wireless sensor node, as a micro-electronic device, is made up of four basic 
components [6]: a sensing unit, a processing unit, a transceiver unit and a power unit. 
The power unit as one of the most important components may be supported by a 
power scavenging unit such as solar cells. In some application scenarios, 
replenishment of energy resources might be impossible. Therefore, sensor nodes are 
implemented in a “deploy and forget” scenario since the battery replacement will be 
prohibitive and impractical [7]. Sensor node lifetime, therefore, shows a strong 
dependence on battery lifetime. State of the art, non-rechargeable lithium batteries can 
provide up to 800 Wh/l (watt hours per liter) or 2880 J/cm3. If an electronic device with a 
1 cm3 battery is to consume 100 μW of power on average, the device could last 8000 
hours or 333 days, almost a year. Clearly, a lifetime of 1 year is far from sufficient [8]. 
Not to mention that the sensors and electronics of a wireless sensor node will be far 
smaller than 1 cm3, in this case, the battery would dominate the system volume. Therefore, 
the development of alternative power sources for wireless sensor and actuator nodes is 
acute.  
Significant research is ongoing to deliver power from the environment using energy 
harvesting technology, which can harvest or convert a variety of ambient wasted and 
unused energy such as solar energy, vibration/ motion energy, thermal gradient, etc [9, 
10] into electric energy, and deliver energy directly to a wireless sensor load or to a 
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storage element such as a rechargeable battery or capacitor. Some of the major benefits of 
energy harvesting technology for WSNs are stated [11] as: Firstly, energy harvesting 
solution can reduce the dependency on battery power and provide long-time solutions. 
With the advancement of microelectronics, the power consumptions of sensor nodes have 
been reduced significantly. Hence harvested ambient environmental energy may be 
sufficient to replace battery completely. Secondly, energy harvesting solution would 
reduce installation and maintenance cost. Self-powered sensor nodes do not require power 
cables wiring and conduits, hence they are very easy to install. The heavy installation cost 
can be reduced greatly [12]. Clearly, it can be deduced that energy harvesting technology 
is a promising solution to power WSNs for extended operation with the supplement of the 
energy storage devices. 
        There are various sources of energy available for energy harvesting, and indeed, 
many works have been presented on generating electrical energy from solar energy 
[13-16], temperature gradients [17-21], ambient radio frequency (RF) [22-24], 
vibrations [25, 26], and human motions [27]. The comparisons of different power 
sources and their performances in terms of power density are summarized in Table 1.1. 
The values in the table are derived from published studies, theory and information that 
is commonly available in data sheets and textbooks. The advantages and 
disadvantages of various energy harvesting sources are discussed thoroughly in [28-
30] and consequently the arguments will not be repeated here in detail. It is seen that 
solar energy and vibrations offer the most attractive energy scavenging solutions. 
Both solutions meet the power density requirement in environments that are of 
interest for WSNs. Solar devices can achieve relatively high power densities in good 
light conditions, but they are unsuitable for implantable devices or other low light 
situations. Kinetic energy in the form of motion or vibration is generally the most 
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versatile and ubiquitous ambient energy source available. It can also provide a good 
power density and thus is more suitable for harvesting [31]. Therefore, the main focus 
and development effort of this thesis is vibration-based energy harvesters, which 
convert energy in the form of mechanical vibrations in the ambient environment into 
electrical energy by using piezoelectric, electromagnetic, and electrostatic 
mechanisms [32]. A general vibration to electricity model has been provided [33, 34]. 
Based on literature survey, different energy conversion mechanisms are presented and 
discussed in the next. The output performances of the reported vibration-based energy 
harvesters are summarized as well. 
Table 1.1 Comparison of energy harvesting approaches 
 
1.2 Vibration-Based Energy Harvesters 
1.2.1 Piezoelectric energy conversion 
Piezoelectric materials have been used to convert mechanical energy into electrical 
energy based on piezoelectric effect. It occurs when a charge balance within the 
crystal lattice of a piezoelectric material is disturbed. When there is no applied stress 
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on the material, the positive and negative charges are evenly distributed so there is no 
potential difference. If the material is compressed, a voltage of the same polarity as 
the poling voltage will appear between the electrodes. If stretched, a voltage of 
opposite polarity will appear. Piezoelectric materials are mainly utilized in one of two 
forms, 3-3 mode or 3-1 mode, as shown in Fig. 1.1. With the 3-3 mode, compressive 
strain is applied parallel to the electrodes, while voltage is generated along the same 
axis as the applied force. With the 3-1 mode, strain is applied perpendicular to the 
electrodes, so the direction of voltage generation is perpendicular to the applied force. 
Material performance is quantified by the piezoelectric constant d3i, which is the ratio 
of the short circuit charge density to applied stress (in units of C/N). Materials 
typically have a d33 coefficient that is higher than the d31 coefficient, but 3-1 mode is 
easier to implement in devices for vibration energy harvesting. 
 
Figure 1.1 Piezoelectric coupling modes. 
        As shown in Fig. 1.2, piezoelectric energy harvesters usually take the form of a 
bimorph cantilever [35-39]. A cantilever beam structure with piezoelectric material 
attached to the top and bottom surfaces acts as a spring. The addition of a proof mass 
at the end of the beam lowers the resonant frequency. The structure is designed to 
operate in a bending mode thereby straining the piezoelectric films and generating a 
charge from the piezoelectric effect. Deflection of the beam causes piezoelectric 














Figure 1.2 Cantilever configuration of a piezoelectric energy harvester [35]. 
In recent years, many devices based on cantilever structures have been developed 
with microfabrication techniques, instead of previous bulk prototypes. A piezoelectric 
MEMS energy harvester working in 3-1 mode [40-43] normally contains a composite 
cantilever with integrated proof mass. The composite cantilever is made of a 
piezoelectric film, such as PZT, sandwiched between a pair of metal electrodes and a 
Si substrate as shown in Fig. 1.4(a). In addition to parallel electrodes, inter-digital 
electrodes have also been designed to realize a 3-3 mode piezoelectric coupling [44-
46] as shown in Fig. 1.4(b). Lee et al. [45] have designed and fabricated two 
piezoelectric energy harvesters with 3-1 mode and 3-3 mode electrodes as shown in 
Fig. 1.3. Aluminum–nitride (AlN) is another preferable piezoelectric material for 
energy harvesting since it has much lower dielectric constant compared with PZT and 
the power generation is quite comparable [47-49].  
 
Figure 1.3 PZT energy harvesters with (a) 3-1 mode and (b) 3-3 mode electrodes [45]. 
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The deposition processes of PZT (Sol-gel) and AlN (sputter) limit the thin film 
thickness within 1~2 μm. Recently, researchers have developed screen-printing [50] 
and bulk-PZT micro processes [51] to significantly increase the piezoelectric film 
thickness on beam as shown in Fig. 1.4. Aktakka et al. [51] fabricated a thinned-
PZT/Si unimorph cantilever for vibration energy harvesting. An unpackaged harvester 
with a tungsten proof mass produces 2.74 μW at 0.1 g (167 Hz), and 205 μW at 1.5 g 
(154 Hz) at resonance. This might be the highest power output and power density 
amongst reported microfabricated vibration-based energy harvesters. 
 
Figure 1.4 MEMS bulk PZT energy harvesters by (a) Xu [50] and (b) Aktakka [51]. 
Table 1.2 summarizes the performance of the reviewed piezoelectric energy 
harvesters in terms of resonant frequency (Hz), input acceleration (m/s2), volume 
(cm3), power (μW) and power density (μW/cm3). It is found that the micro 
piezoelectric energy harvesters exhibit competitive performance relative to the 
manually assembled devices. Though the micro harvesters have relatively low output 
power (normally several or tens of micro watts) compared to macro assembled 
harvesters (hundreds of micro watts), the power density of the micro harvesters are 
much higher because of their relatively smaller device sizes, some are in several 
mW/cm3. While the resonant frequencies of these micro cantilever structures are 
normally higher than 200 Hz, some are even in kHz range.  




1.2.2 Electromagnetic energy conversion 
Based on Faraday’s law of electromagnetic induction, a conductor (typically in form 
of coils) situated in a changing magnetic field or a conductor moving through a 
stationary magnetic field generates electricity. One typical energy harvester prototype 
as illustrated in Fig. 1.5 is to fix the coil on plane housing and attach a magnet (as 
mass) on a vibratile or flexible structure (as spring). When the device vibrates, the 
mass will move out of phase with the housing, so that there is a net displacement 
between the magnet and coil, resulting in the generation of electrical energy by an 
electromagnetic transducer. There is a wide variety of electromagnetic energy 
harvesters based on such spring-mass-coil configurations have been reported [52-58]. 
 
Figure 1.5 Model of a mass/coil type electromagnetic energy harvester. 
Kulkarni et al. [59] reported three different designs of partially micro-fabricated 
energy harvesters. The integrated coil, paddle and beam were fabricated using 
standard MEMS processing techniques. A group from Chinese University of Hong 
Kong developed a micro harvester by using a small NdFeB magnet supported by a 
laser-micromachined Cu spring structure [60, 61]. Wang and Arnold [62] reported 
three fully-integrated, fully-batch microfabricated electromagnetic energy harvesters, 
which utilize polydimethylsiloxane (PDMS) diaphragms and embedded NdFeB 
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powder micro-magnet. Jiang et al. [63] reported an in-plane MEMS-based 
electromagnetic energy harvester by bonding a vibrator with embedded micro-
magnets and a stator with integrated micro-coils. The micro-magnets are formed by 
using sputtering deposition of multilayered magnetic films and Si molding techniques. 
Recently, Cepnik and Wallrabe [64] introduced a flat micro electromagnetic energy 
harvester with a volume of 0.9 cm3. The back iron plate attached with multiple pairs 
of magnets is mounted onto a ground plate by two pairs of springs enabling a relative 
in-plane motion to the meandering coil base in the central layer.  
Table 1.3 summarizes the performance of the reviewed electromagnetic energy 
harvesters. The output power of the electromagnetic harvesters vary greatly from less 
than one to hundreds of micro-watts. While the power densities are in a range of 
several to hundreds of micro-watts. Prototypes that in excess of 2 miliwatts per cube-
centimeter is possible but rare. Using a permanent magnet as the proof mass enables a 
low resonant frequency of less than 200 Hz for the vibrating cantilever designs. In-
plane vibration-driven energy harvesters are also feasible for electromagnetic energy 
conversion.  
1.2.3 Electrostatic energy conversion 
Electrostatic energy conversion is based on a parallel plate capacitor which are 
electrically isolated from each other typically by air, vacuum or an insulator. The 
plates charged by a battery of voltage will create equal but opposite charges on each 
resulting in the charge storage. For a parallel plate capacitor, C is given by C=Q/V, 
where C is the capacitance dAC /ε= , Q is the charge on the plate and V is the voltage 
on the plates, ε is the permittivity of the material between the plates, A is the area of 
the plates in and d is the separation distance between the plates. Thus the energy 
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stored in a capacitor, with plate charge Q and potential difference V, is given by 
U=0.5QV=0.5CV2=0.5Q2/C. If the charge on the plates is held constant the 
perpendicular force between the plates is given by F=0.5Q2/εA; while if the voltage 
between the plates is held constant the perpendicular force between the plates is given 
by F=0.5εAV2/d2. The work done against the electrostatic force induces the plates 
move relative to each other and provides the energy conversion from mechanical to 
electrical. The diagrams of electrostatic energy harvesters can be classified into three 
types, which are in-plane overlap varying [65-67], in-plane gap closing [68], and out-
or-plane gap closing [69], as shown in Fig. 1.6.  
 
Figure 1.6 Three diagrams for electrostatic energy harvesters (a) In-plane overlap-
varying; (b) In-plane gap-closing; (c) Out-of-plane gap-closing. 
At present, an in-plane, overlap varying configuration has been widely used 
since the first electret energy harvester reported by Boland et al. [70]. An electret is an 
insulating material that exhibits a net electrical charge or dipole moment, which can 
be used to provide a biasing electric field. As illustrated in Fig. 1.7, when an electret-
coated insulating rotor moves from (a), (b) to (c), the final equilibrium image charges 
on the left electrode decrease and those on the right electrode increase. Thus a net 
current flows from the left electrode through the load to the right electrodes. When the 
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rotor moves from (c), (b) to (a), the current reverses and thus completes a power 
generation cycle. In fact, a wide variety of electret materials for energy harvesting 
have been investigated by different groups, such as Teflon AF [70], CYTOP [71-75], 
SiO2/Si3Ni4 [76,77], SiO2 [78,79], and Paralyne HT [80] electret.  
 
Figure 1.7 Illustration of power generation from an electrets energy harvester [80]. 
Table 1.4 summarizes the performance of the reviewed electrostatic/electret 
energy harvesters in terms of active area (cm3), electrets potential/bias (V), resonant 
frequency (Hz), input acceleration (m/s2), power (μW) and power density (μW/cm2). 
The output power of the harvesters vary from less several to tens of micro-watts. 
Some even reach hundreds of micro-watts level. While the power densities are in a 
range of several to tens of micro-watts per square centimeter. At present, electrets 
energy harvesters attract much more attentions than conventional electrostatic 
prototypes since electrets can be used to provide a biasing electric field eliminating an 
additional charged bias. 
1.2.4 Summary of energy conversion mechanisms 
Piezoelectric energy conversion offers a simple way to convert structural vibration 
directly into voltage output by using piezoelectric material. Complex geometries and 
large numbers of additional components are not necessary in the design. There is a 
wide variety of piezoelectric materials available for different application scenarios. 
One major advantage is that this transduction mechanism is readily achievable to 
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microfabrication, since several processes exist for depositing piezoelectric thin and 
thick films. Piezoelectric energy harvesting is capable of producing relatively high 
output voltages but only at low electrical currents. Some weak points are the 
piezoelectric materials are required to be strained directly and therefore the 
performance and lifetime will be limited by their mechanical properties. Also the 
conversion efficiency is limited by the material property and the piezoelectric 
impedance is typically very high (>100 kΩ).  
Electromagnetic energy conversion is a well-established technique and has been 
used for many years in a variety of electrical generators. There are various 
spring/mass configurations that can be used with many types of material that are well 
suited and proven in cyclically stressed applications. Relatively high output current 
levels are achievable at the expense of low output voltages (typically <1 V). High-
performance bulk magnets and multi-turn, macro-scale coils are easily available. 
However, wafer-scale systems are quite difficult to achieve due to the relatively poor 
properties of planar magnets, the limitations on the number of loops achievable with 
planar coils and the restricted amplitude of vibrations. In addition, there are also 
problems associated with the assembly and alignment of sub-millimeter scale 
electromagnetic systems.  
The electrostatic energy conversion can be easily realizable as a MEMS energy 
harvester. Energy density of the harvester can be increased by decreasing the 
capacitor spacing and increasing the capacitor overlapping surface area. High 
transduction damping, at low frequencies, can be achieved by incorporating small 
capacitor gap and high polarizing voltage. Unfortunately, an electrostatic energy 
harvester requires an initial polarizing voltage or charge, which may require the 
incorporation of a battery into the power system. In recent few years, researchers 
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utilize electrets to provide the initial charge and the electrets are capable of storing 
charge for many years. The output impedance of the harvester is often very high 
which makes them less suitable as a power supply. Parasitic capacitance structure of 
the device may sometimes lead to reduced energy efficiency and there is a risk of 
capacitor electrodes shorting or of ‘stiction’ in wafer-scale implementations. 
The above discussion states a primarily qualitative comparison of the three 
approaches of energy conversion. Each of the energy conversion mechanisms 
described has its own advantages and disadvantages and they are summarized in 
Table 1.5. Because piezoelectric and electromagnetic mechanisms provides relatively 
high energy conversion coefficients and easy to be implemented, a detailed study 
based on these two mechanisms has been performed by the author.  




Piezoelectric 1. Easy implementation and 
simple configuration;
2. Various piezoelectric 
materials available; 
3. Microfabrication achievable; 
4. High output voltage but low 
electrical current;
5. High energy density.
1. Energy conversion efficiency 
and lifetime is limited by the 
mechanical properties of the 
piezoelectric materials; 
2. High piezoelectric impedance 
of the materials.
Electromagnetic 1. Various spring/mass
configurations; 
2. Bulk magnet and macro-scale 
coils are easily achievable; 
3. High electrical current but 
low output voltage.
Poor property of the planer 
magnet, limitations of coil loops 
and restriction of the relative 
movement between magnet 
and coils in a micro system;
Electrostatic 1. Easily integrated with 
microsystems; 
2. Electrets to be utilized to 
store and provide the initial 
charge.
1. Require an initial polarizing 
voltage or charge; 
2. Mechanical stopper is needed 




Table 1.2 Summary of macro/micro piezoelectric energy harvesters 
 














printed PZT 0.125 80 2.3 2.1 16.8 
Roundy [35] 
UC Berkeley  
Brass/PZT/tung










d31 PZT  
 0.0012 608 10 2.2 1800 
Shen [42] 
Auburn University 
d31 PZT  
 0.0027 461 20 2.15 796.3 
Renaud [43] 
IMEC d31 PZT 0.03 1800 23 40 1333 
Jeon [44] 




d31 PZT  0.0026 256 20 2.1 807.7 




d33 PZT  0.001 528 3.9 1.1 1100 
Marzencki [47] 
TIMA, France d31 AlN  0.0005 1495 20 0.8 1600 
Elfrink [48] 
IMEC d31 AlN   0.017 572 20 60 3529 
Yen [49] 
UC Berkeley d31 AlN   0.0016 853 10 0.17 106.25 










Tungsten mass 0.0487 154 15 205 4210 
Thinned PZT 
Si mass 0.0487 415 15 160.8 3302 
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Table 1.3 Summary of macro/micro electromagnetic energy harvesters 

















planar gold coil, 
GaAs substrate 
0.005 4400 380 0.3 60 
Serre et al. [55] 
Universitat de 
Barcelona, 
Magnet stuck on a 
Kapton membrane, 
micromachine coil 
1.35 382 29 55 40 




beam with two 
NdFeB magnets and 
copper coil 
0.24 322 100 530 2200 
Glynne-Jones et 




beam with two/four 
magnets and copper 
coil 
0.84 322 2.7 180 214 




Steel cantilever beam 
with four magnets, 
copper coil, tungsten 
mass 
0.15 52 0.59 46 310 






magnets in between 
two micro-fabricated 
coils 
0.1 60 8.8 0.586 5.86 






spring with magnet 
1 110 95 830 830 












multiple pairs of 
magnet and  
meandering coils 






patterned with coils 
and magnet powder 
0.014 530 9.8 2.3e-5 0.0016 
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Kloub et al. [65] 
IMTEK 
In-plane 
overlapping 0.42 25 1740 10 5 11.9 
Hoffmann et al. 
[66] HSG-IMIT 
In-plane 
overlapping 0.3 50 1460 130 3.5 11.7 
Chiu and Tseng 
[68]  National 
Chiao Tung 
University 
Gap closing 1 36 120 2.25 31 31 
Tsutsumino et al. 




CYTOP electret 2 950 20 15.8 37.7 18.9 
Sakane et al. [72] 
Asahi Glass Co.,  
In-plane  
CYTOP electret 4 640 20 18.9 700 175 
Miki et al. [73] 
The University of 
Tokyo 
In-plane 
CYTOP electret 3 180 63 31.3 1 0.33 
Suzuki et al. [74] 
The University of 
Tokyo 
In-plane 
CYTOP electret 4 180 63 20 1 0.25 
Masaki et al. [75] 
OMRON Corp. 
In-plane 
CYTOP electret 4 700 30 1.5 100 25 
Halvorsen et al. 






0.48 -- 596 78.5 1 2.1 





5 500 20 7 5.9 1.2 
Y Naruse et al. 
[78] SANYO 
Electric Co. 
In-plane   
SiO2 electret 
9 -- 2 7.9 40 4.4 








30 204 50 575.8 18 0.6 
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1.3 State-of-the-art Technology and Problems 
Conversion of vibrational energy to electrical energy is desired to target commonly 
occurring vibrational energy sources in typical office buildings, manufacturing and 
industrial environments, military devices, transportations, household appliances and 
human bodies. The characteristics of a wide variety of vibration sources have been 
studied by many groups [81-84]. Reilly et al. [85] have studied a variety of notable 
vibrations that occur in common environments as shown in Table 1.6. The 
characteristics of vibrational energy sources can be organized and represented in the 
table as follows: bb - broadband, i - impact (<1 Hz), lf - low frequency (<10 Hz), s - 
resonant spike. It is noted that, in most cases, the dominant frequencies of the ambient 
vibration sources are relatively low (generally less than 200 Hz). The acceleration 
magnitudes are also lower than 10 m/s2 in most cases. The general vibration 
characteristics are resonant spike and broadband types and it is common to get 
resultant of 2 or 3 axes spikes of the same frequency. Recently, a survey of ambient 
vibration sources in the machine room of a large building was conducted by Miller et 
al.. [86]. The results indicate that the dominant frequency peaks from the majority of 
the vibration sources surveyed lie between 20 to 60 Hz, with another set of 
frequencies lying between 120 to 140 Hz. The accelerations of the ambient vibrations 
were all below 0.7 g Hz−1/2, with most accelerations on the order of 10−2-10−1 g Hz−1/2. 
These findings are consistent with the other surveys.  
Though environmental vibrations are ubiquitous and sufficient to be scavenged, 
the practical application of vibration-based energy harvesters is limited by the 
following factors. Firstly the ambient available vibrations are at low frequencies, and 
most of generated amplitudes from these vibrational energy sources are small due to 
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small acceleration available, secondly different vibration sources provide different 
frequencies and amplitudes, and finally vibrations from different sources normally 
contain various cyclic movements in different directions. The detailed discussions are 
as follows. 
1.3.1 Vibrations at low frequencies  
For a conventional resonant-based energy harvester, it is desirable to match the 
resonant frequency of the device to the ambient vibration frequency for achieving 
high energy conversion efficiency. According to the survey above, the fundamental 
frequencies of common vibration sources are typically less than 200 Hz. Take common 
machine vibration as an example, one set of frequencies lie between 20 to 60 Hz, such as 
lathe splatter guard, drill press, air-compressor and refrigerator, while another set of 
frequencies such as laptop, washing machine, and poster printer, lie approximately 
between 80 to 130 Hz. With regards to human activities such as walking, running and 
hand shaking, the frequencies are less than 10 Hz. The acceleration levels of most 
vibrations are quite low and normally less than 1 g. 
It is known that increasing compliant spring and bulk movable mass are required 
to achieve lower resonant frequency. However, due to the limitation of 
microfabrication and brittle properties of Si material, it becomes a great challenge to 
realize both small size and low resonant frequency at the same time for MEMS energy 
harvesters. To date most resonance-based energy harvesters, particularly MEMS 
energy harvesters, operate at high resonant frequencies, normally more than 100 Hz as 
indicated in Tables 1.2, 1.3 and 1.4. There are very few devices with resonant 




Table 1.6 Summary of several vibration sources by Reilly [85] 
 















































































284.0 0.144 3 bb







































































43.7 2.103 1 s
Refrigerator 58.7 0.018 3 s
Electric Tea Pot 241.0 0.019 2 bb
Poster Printer 92.5 0.200 3 s
Server/computer 35.3 0.016 1 s
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Theoretically, the maximum power generation of a vibration-based energy 
harvester is strongly dependent on the external excitation frequency [34]. It increases 
greatly at high excitation frequencies and drops dramatically at low frequencies, as 
assuming the excitation frequency matches to the resonant frequency of device. Thus 
energy harvesters with low resonant frequencies would result in reduced power output. 
In order to boost the output power at low frequencies, the FUC approach has been 
touted as a breakthrough for converting ambient low-frequency vibrations into high-
frequency self-oscillations of the device.  
1.3.2 Vibrations at multiple frequencies 
A key challenge for a vibration-based energy harvester is that it obtains the optimal 
power within a narrow frequency bandwidth near its resonant frequency. Away from 
the bandwidth, the power generation drops dramatically and is too low to be utilized. 
In fact, the dominant frequencies of most environmental vibrations exhibit multiple 
resonances or vary within a broadband range instead of a single resonant spike. Such 
examples can be found in [86]. The frequency peaks of the four vertical fan belt cage 
surfaces surveyed vary in a broadband range of 20 to 45 Hz, while a compressor base 
exhibit three frequency peaks at 29.5, 59 and 354 Hz.  
However, most of the reported vibration-based energy harvesters are designed 
only for a particular frequency, resulting in a narrow operating bandwidth from the 
application aspect. If the environmental vibration frequency deviates a little from the 
designed frequency, the generated power would decrease rapidly. On the other hand, 
vibration-based energy harvesters are required to operate for different application 
scenarios, where the fundamental frequencies vary accordingly. As a result, energy 
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harvesting mechanisms which can respond to low-frequency vibrations with 
wideband or tunable operating range are considered to offer promising solutions.  
1.3.3 Vibrations in multiple directions 
Currently, most vibration-based MEMS energy harvesters are able to oscillate only in 
a single direction, while optimal energy harvesting requires its oscillation axis to be 
aligned with the dominant driving direction. However, a vibration source may present 
unpredictable shift of its dominant direction or exhibit several frequency peaks along 
different directions. For example, a Statasys 3D printer exhibits three frequency peaks 
of 28 (1-axis), 28.3 (2-axis) and 44.1 Hz (3-axis) along different axes as shown in 
Table 1.6. A W500 Lenovo laptop exhibit two frequency peaks of 85.2 and 119 Hz along 
both 1- and 3-axis.  
A 1-D energy harvester is not able to scavenge energy from a vibration source 
with various directions. In the case of an isotropic vibration source, the component 
orthogonal to the oscillation direction of the harvesting device would be lost and 
inefficient harvesting is the obvious consequence. One way to overcome the 
restrictions of 1-D harvester is to use structure capable of resonating in two or three 
orthogonal directions and thus harvesting from two or three components of a vibration 
source.  
1.4 Scope of Current Work 
As shown in Fig. 1.8, the scope of current work focuses on developing vibration-
based MEMS energy harvesters with wideband, FUC and multi-frequency/multi-
direction mechanisms to overcome existing problems on scavenging energy from 
environmental vibrations of low and random frequencies, and multiple directions. 
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Firstly, a wideband MEMS PEH system is proposed and developed for realizing a 
quite low and wide operating bandwidth of 30 to 47 Hz. The proposed device is the 
first real MEMS device with wideband behavior by using mechanical stopper 
approach. To date, such low and wide operating range has not been reported for 
piezoelectric MEMS energy harvesters. Secondly, a piezoelectric MEMS FUC energy 
harvesting system is first proposed to convert a low-frequency excitation into a high-
frequency self-oscillation of a piezoelectric microcantilever. The main advantage of 
the proposed FUC approach is that it realize not only a extremely low and wideband 
frequency range of 13 to 26 Hz, but also a significant power improvement. In addition, 
it does not require the use of extra energy or bulk magnets comparing with other 
reported approaches. Thirdly, to overcome the limitations of 1-D energy harvesting 
and scavenge energy from vibration sources of different directions, a 3-D 
electromagnetic MEMS energy harvester has been first developed. The device is 
capable of scavenging energy from out-of-plane vibrations at mode I and in-plane 
vibrations at modes II and III.  
 
Figure 1.8 Schematics of the proposed vibration-based MEMS energy harvesters  
        The thesis is organized into 6 chapters. In Chapter 1, the motivation and the 
state-of-the-art technology and problems for vibration-based energy harvesting have 
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been described. The literature reviews of wideband, FUC and multi-frequency/multi-
direction energy harvesters will be presented in Chapter 2. In Chapter 3, a 
piezoelectric MEMS energy harvester with low resonant frequency and wide 
operating bandwidth is designed, microfabricated, and characterized. The wideband 
frequency responses of the harvester with stoppers on one side and two sides are 
modeled. The key parameters for the frequency response, including base acceleration, 
damping ratio, frequency characteristic and stopper distance are investigated. 
Dynamic characteristics of energy harvesting are evaluated.  In Chapter 4, a FUC 
energy harvesting cantilever triggered to self-oscillate by a periodical impact of a low-
frequency energy harvesting cantilever is studied. As a result, additional power is 
generated by the FUC energy harvesting cantilever and power density of the system is 
improved significantly. In Chapter 5, a 3-D vibration-driven electromagnetic MEMS 
energy harvester with multiple vibration modes is investigated. The vibration 
behavior of the device is characterized by three vibration modes (modes I, II and III) 
which are perpendicular to each other, and the output performance of device is 
analyzed. In Chapter 6, conclusions of current study are made and recommendations 





Literature Review on Vibration-Based Energy 
Harvesters 
2.1 Tunable/Wideband Vibration-Based Energy Harvesters 
Tunable and wideband energy harvesters have been widely developed to increase the 
operating frequency range thus addressing the aforementioned frequency bandwidth 
limitation [87]. For frequency tuning approaches, changing the effective length [88] 
and the position of the gravity centre [89] are potentially suitable for intermittent 
tuning. However, they are not suitable for in situ tuning or tuning with automatic 
control. The frequency can be tuned intermittently or continuously by changing the 
spring stiffness [90-92]. However, extra systems and energy are required or 
sometimes has to be adjusted manually. Electrical tuning method is much easier to 
implement than mechanical methods [93, 94]. However, an extra closed loop system 
has to be introduced to control the tuning process. Bandwidth widening approaches 
include using a harvester array with different resonant frequencies, introducing a 
mechanical stopper to change the spring stiffness, and employing nonlinear or bi-




1. Energy harvester array 
The operating bandwidth of an energy harvester device can be widened by 
integrating an array of small harvesters, each of which has different dimensions and 
hence different resonant frequencies, as shown in Fig. 2.1. Thus the assembled system 
has a wide operating frequency range while the Q-factor does not decrease. The 
power spectrum becomes a combination of that of each individual harvester. Such 
integrated piezoelectric energy harvester arrays have been proposed by several groups 
with different cantilever dimensions and operating frequency ranges [95-98]. Sari et 
al.. [99, 100] reported a micromachined electromagnetic harvester, which consists of a 
series of cantilevers with various lengths and hence resonant frequencies. The device 
is able to generate 0.5 μW continuous power between 3.3 and 3.6 kHz of ambient 
vibration. 
 
Figure 2.1 Power spectrum of an energy harvester array. 
2. Mechanical stopper  
Soliman et al.. [101, 102] reported another frequency widening method by using 
a mechanical stopper to change the spring stiffness of an electromagnetic energy 
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harvester (Fig. 2.2). This approach increases the bandwidth of the harvester during an 
up-sweep, while the bandwidth remains the same during a down-sweep. Experimental 
results show that the up-sweep bandwidth is 240% wider than that of the architecture 
without a stopper at the half-power level, but the maximum output voltage is 30% less. 
A piezoelectric energy harvester with a similar principle has been reported by Moss et 
al.. [103]. It is based on a vibro-impacting oscillator with double-sided, symmetrical, 
piezoelectric bimorph-stoppers. The device operates in a frequency range of 100-113 
Hz and has a maximum power of 5.3 mW for base acceleration of 4.5 m/s2.  
 
Figure 2.2 A schematic illustration of the frequency widening method by using a 
mechanical stopper [101]. 
3. Nonlinear springs by magnetic force 
Nonlinear behavior of springs could offer new capabilities to capture energy 
available from broadband excitations. The nonlinearity efficacy of this approach has 
been demonstrated by the addition of magnetic reluctance forces [104-115]. 
Theoretically, for a hard nonlinearity, it will only produce an improvement when 
approaching the device resonant frequency from a lower frequency. For a soft 
nonlinearity, it will only produce an improvement when approaching the device 
resonant frequency from a higher frequency. Stanton et al.. [115] presented a 
nonlinear energy harvester capable of bidirectional hysteresis. By tuning nonlinear 
magnetic interactions, both the hardening and softening response of a power 
CHAPTER 2 
27 
generating piezoelectric beam with a permanent magnet is implemented as shown in 
Fig. 2.3.  
 
Figure 2.3 Reversible hysteresis of a broadband magnetopiezoelastic  
energy harvester by Stanton [115]. 
4. Nonlinear spring structure 
Tvedt et al. [116] reported an electrostatic energy harvester utilizing nonlinear 
spring structures. The nonlinearity is due to the quad beam support of the proof mass 
which provides each beam with a clamped-guided support. Large displacements 
induce tensile stresses in the beams and consequently increase spring stiffness. 
Nguyen et al. [117, 118] reported another similar nonlinear electrostatic energy 
harvester with a strong softening spring effect as shown in Fig. 2.4. At a broadband 
random vibration of 7.0 × 10−4 g2 Hz−1, the bandwidth of the device is found to 
increase by more than 13 times and the average harvesting output power increases by 
68% compared to that of a linear vibration energy harvester. Recently, Hajati and Kim 
[119] presented a wideband energy harvester by utilizing the nonlinear stiffness of a 
doubly clamped resonator. It is expected to have more than one order of magnitude 
improvement in both bandwidth (more than 20% of the peak frequency) and power 




Figure 2.4 Nonlinear MEMS electrostatic energy harvester by Nguyen [118]. 
5. Non-resonant energy harvester  
Yang et al. [120] has reported a non-resonant electromagnetic energy harvester 
with wide operating bandwidth. As shown in Fig. 2.5, a free-standing magnet is 
packaged inside a sealed hole which is composed of five pieces of printed circuit 
board substrates embedded with multi-layer copper coils. Output voltage of 9 mV 
with a bandwidth from 40 to 80 Hz is generated for input acceleration of 1.9 g. The 
maximum output power is measured as 0.4 μW under matched load resistance of 50 Ω.  
 




For frequency widening approaches, there is a trade-off between the bandwidth 
and Q-factor. A wider bandwidth followed by a lower Q-factor will reduce the 
maximum output power. The operating bandwidth can be widened by designing an 
array of small generators, while the Q-factor does not decrease. However, at a 
particular vibration frequency, only a single or a few individual generators contribute 
to the power output and thus it is volume inefficient. The drawback of mechanical 
stopper approach is that it causes the maximum output power to drop by limiting the 
vibration amplitude. The nonlinear energy harvester by magnetic force is able to 
increase the operating frequency range. However, it requires additional magnets 
assembled around. Using nonlinear springs is a potential solution to widen the 
operating bandwidth. While due to the special design of the spring structure, it is 
difficult to achieve a low resonant frequency. Finally, the non-resonant energy 
harvester is not restricted by the operating frequency but is limited by a reduced 
output power comparing with a resonant-based energy harvester.  
2.2 FUC Vibration-Based Energy Harvesters 
FUC approaches have been presented by several researchers to improve the output 
power of the energy harvesters for low-frequency applications. The up-conversion 
approaches can be achieved by utilizing mechanical impact, scrape-through, bi-stable 
bulking and magnetic force.  
1. Mechanical impact approach 
The impact-based up-conversion approach for energy harvesting was initially 
demonstrated by Umeda et al. [121, 122], who investigated the power transformation 
from mechanical impact energy to electric energy by an impact of a steel ball on a 
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piezoelectric membrane. The operating mechanism is schematically shown in Fig. 2.6 
(a). Based on the up-conversion principle, Renaud et al. [123] and Manla et al. [124] 
demonstrated non-resonant energy harvesters driven by the repeated impact of a free 
ball on two piezoelectric plates.  
Gu and Livermore [125, 126] reported an impact-driven, resonant, FUC energy 
harvester using two beams. One is a low frequency driving beam integrated with a 
proof mass; the other is a short piezoelectric generating beam with a high resonant 
frequency. As shown in Fig. 2.6 (b), when the driving beam impacts the generating 
beam, the generating beam is periodically oscillated at its high resonant frequency and 
produced electrical power. Experimentally, an average power output of 0.43 mW is 
achieved under 0.4 g acceleration at 8.2 Hz, which are respectively 4.8 times and 13 
times higher than those of a conventional energy harvester from a low frequency 
beam alone. 
 
Figure 2.6 Operating mechanisms of (a) an impact of a steel ball on a piezoelectric 
membrane by Umeda [121] and (b) an impact-driven, resonant, FUC energy harvester 




2. Scrape-through approach 
Lee et al. [127] demonstrated an FUC approach realized by mechanical scrape-
through contact between the tip of a piezoelectric harvesting beam and a set of 
superelastic ridges that slide past the tip of the harvesting beam (in Fig. 2.7 (a)). The 
amount of a generated voltage depends on the depth of a ridge and the rectification of 
FUC is a function of the ridge spacing. Zorlu et al. [128] presented a FUC 
electromagnetic energy harvester using a mechanical scrape-through method from 
low-frequency vibrations as shown in Fig. 2.7 (b). The prototype consists of a 
polystyrene cantilever carrying a pick-up coil and a magnet placed on a diaphragm. 
The vibrating diaphragm would scrape through the tip of the cantilever and up-
converts to the cantilever’s high-frequency vibration. Such approaches have the 
potential to offer the benefit of resonance, but with the difficulty of fine adjusting the 
overlapping distance.  
 
Figure 2.7 Schematic illustrations of scrape-through up-conversion approaches by (a) 




3. Bi-stable buckling approach 
A bi-stable buckling phenomenon (also known as snap-through buckling) is 
adapted to achieve highly efficient energy harvesting even at off-resonance conditions. 
Jung and Yun [129, 130] have demonstrated a bi-stable buckling up-conversion 
approach as shown in Fig. 2.8. The prototype consists of two prebuckled slender 
bridges and four cantilever beams at the center of the bridges. A piezoelectric 
polyvinylidene fluoride (PVDF) layer is attached on top of each beam to convert the 
induced strain into electrical charge. When the excitation acceleration applied to the 
buckled bridge exceeds a threshold value, it immediately snaps through to the other 
equilibrium state. The rapid transition between the two equilibrium states generates a 
highly accelerated impulse like excitation and thereby caused the attached cantilever 
beams to vibrate freely at their resonant frequencies independently.  
 
Figure 2.8 Schematic illustration and photograph of a bi-stable buckling up-
conversion approach by Jung and Yun [130]. 
4. Magnetic force approach 
Kulah and Najafi [131] demonstrated a FUC energy harvester prototype by 
utilizing magnetic force as schematically shown in Fig. 2.9. The prototype consists of 
two resonating structures. The top one is an NdFeB magnet mass suspended by a soft 
CHAPTER 2 
33 
diaphragm and has a low resonant frequency to match the target scenario. The bottom 
ones are an array of cantilever beams coated with coils and have higher resonant 
frequencies. As the magnet mass resonates in response to external vibration, it moves 
closer to the cantilevers underneath, catches it at a certain point, pulls it up, and 
releases it at another point. The released cantilever starts to resonate at its high 
resonance frequency. A similar MEMS-based electromagnetic FUC harvester was 
fabricated by Sari et al. [132]. The harvester has a total of 20 cantilevers. At the 
environment frequency range of 70-150 Hz, a voltage output of 0.57 mV and power 
output of 0.25 nW can be obtained from a single cantilever of the harvester. 
 
Figure 2.9 (a) Cross-section and (b) 3D view of an electromagnetic FUC harvester; (c) 
Movement of the low-frequency and high-frequency resonators [131]. 
Galchev et al. [133-135] have presented a frequency-increased generator (FIG) 
system by magnetic force as schematically illustrated in Fig. 2.10 (a). The driving FIG 
utilizes a large inertial mass to couple kinetic energy from the ambient into the 
structure and to pass a portion of this kinetic energy to one of two FIGs. The 
operation of the FIGs is outlined in Fig. 2.10 (b). The driving FIG vibrates such that 




magnetically. As the inertial mass moves, it pulls and releases the FIG. The freed FIG 
resonates at its high natural frequency, converting the stored mechanical energy in its 
spring to electrical energy. This process is then repeated in the opposite direction. 
Experimentally, the FIG system can generate a peak power of 163 μW and an average 
power of 13.6 μW from an input acceleration of 9.8 m/s2 at 10 Hz, and it can operate 
at frequencies up to 65 Hz, providing it a wide operating bandwidth and versatility. 
Tang et al. [136, 137] have demonstrated a similar bi-stable FUC energy harvester 
driven by non-contact magnetic forces. 
 
Figure 2.10 (a) FIG architecture; (b) Illustration of the operation of the FIGs [135]. 
All the above reviewed FUC approaches have an advantage of increasing the 
energy scavenged from low-frequency scenarios compared with conventional low-
frequency energy harvesters, but at a cost. The mechanical impact and scrape-through 
approaches dissipate extra energy and may result in earlier failure in the cantilever 
structures. The bi-stable buckling approach requires a large acceleration to drive the 
buckled beam snapping from one state to the other. While the magnetic force 
approaches require additional bulk magnets, leading to large device volume and a 
complicated process of fabrication and assembly. 
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2.3 Multi-Frequency/Multi-Direction Energy Harvesters 
2.3.1 Multi-frequency energy harvesters 
Multi-frequency energy harvesters have been developed to scanvege energy from 
vibration sources with different frequencies. Unlike tunable or wideband energy 
harvesters that increase the operating range of the first resonant modal in a continuous 
frequency range, multi-frequency energy harvesters utilize spring-mass structures to 
achieve multiple resonant modals at discrete frequencies.  
This concept has been reported by Ching et al. [60] as shown in Fig. 2.11. They 
developed an electromagnetic energy harvester using a magnetic mass attached to a 
circular spiral copper spring and three different resonant modes in the vertical and 
horizontal directions were achieved. The micro generator with a toal volume of 1 cm3 
around is capable of produce a maximum power of 830 μW with a load resistance of 
1000 Ω. Berdy et al. [138] employed a meandering piezoelectric spring and a 
distributed proof mass to from a vibration-based energy harvester. The fabricated 
device features two closely spaced resonant modes at 33 and 43.3 Hz with measured 
RMS output power of 107.3 and 74.9 μW, respectively, for acceleration magnitude of 
0.2 g. Kim et al. [139] reported a piezoelectric energy harvesting device which 
consisted of a rigid proof mass supported by two parallel cantilever beams. The 
device can utilize both translational and rotational degrees of freedoms. Therefore, it 
exhibits double power peaks and an increased frequency bandwidth.  
Yang et al. [140] reported a multi-frequency energy harvester which consisted of 
three permanent magnets, three sets of two-layer copper coils and a supported beam 
of acrylic. In this prototype, the first, second and third resonant modes are 369, 938 
and 1184 Hz, respectively. The maximum output power of the first and second modes 
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are 0.6 and 3.2 μW, respectively, for 14 μm exciting amplitude and 0.4 mm gap 
between the magnet and coils. Recently, Yang et al. [141] reported a piezoelectric 
generator with a nonlinear spring oscillator for providing multiple resonant modes. 
For the nonlinear spring of 8.3 N/m and 1 g acceleration, the maximum output power 
of 5, 17.83, and 23.39 μW are obtained under the resonant frequencies of 89, 104, and 
130 Hz, respectively. Chew and Li [142] demonstrated a piezoelectric energy 
harvesting prototype using a 9 off-the-shelf beam structure which exhibits at least 7 
resonant peaks in a frequency range of 100 to 1000 Hz. 
 
Figure 2.11 A multi-frequency electromagnetic energy harvester by Ching [60]. 
2.3.2 Multi-direction energy harvesters 
To harvest energy from vibration sources of different directions, several electrostatic-
based energy harvesters have been developed. A capacitive energy harvester with in-
plane rotary combs capable of collecting kinetic energy from planar ambient 
vibrations was proposed by Yang et al. [143]. It includes movable and fixed combs, 
ladder springs, stoppers and proof mass. A maximum measured output power in air 
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for vibrations of 0.5 g, 1 g, 1.5 g, 2 g and 2.5 g are 0.11, 0.17, 0.24, 0.3 and 0.35 μW, 
respectively, when the loading resistance matches the parasitic resistance of 80 MΩ at 
a resonant frequency of 110 Hz.  
Zhu et al. [144] introduced a 2-dimensional (2-D) MEMS ultrasonic energy 
harvester device. In the design, a 2 degree-of-freedoms (2-DOFs) motion mechanism 
has been incorporated to realize two closely spaced resonant frequencies of 38520 and 
38725 Hz in x- and y- mode. When the harvester is driven by an ultrasonic transducer 
at a distance of 0.5 cm in the x-axis, and is biased by 60 Vdc, an energy harvesting 
capability of 21.4 nW in the x-axis is indicated. When excited along the y-axis, the 
harvester has an energy harvesting capacity of 22.7 nW. 
Bartsch et al. [145, 146] reported a 2-D electrets-based energy harvester which 
was able to extract vibration energy from an arbitrary in-plane motion. The structure 
consists of a seismic mass suspended by a circular spring system. The surrounding 
spring system consists of two concentric rings connected to each other, to the seismic 
mass, and to the supporting substrate using nine bridges. The design of the circular 
rings enables two closely spaced resonance frequencies at 370.5 and 373.9 Hz along 
two perpendicular directions in x- and y-mode, respectively. While the level of power 






A Wideband Vibration-Based MEMS Energy 
Harvester  
The maximum power generated for a resonant-based energy harvester occurs only 
when the environmental vibration falls within a narrow bandwidth near its resonant 
frequency. Outside the bandwidth, the output power drops dramatically and is too low 
to be utilized. Therefore, wideband vibration-based energy harvesters are considered 
to be feasible in harvesting energy from irregular or random environmental vibrations. 
In this work, a microfabricated PEH system that can realize a quite low resonant 
frequency as well as a wideband operating range is proposed. The device 
configuration, fabrication process and assembly strategy are illustrated and 
mechanical modeling is discussed. Vibration measurement is performed and energy 
harvesting characteristics are also discussed.  
3.1 Design and Fabrication 
3.1.1 Working principle 
Figure 3.1 illustrates a piecewise linear model of a wideband PEH system with 
stoppers on two sides. A low-frequency energy harvester, which is modeled as a 
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primary suspension system, consists of a proof mass m0 suspended by a spring k0 and 
a damper c0. Top and bottom mechanical stoppers are considered as secondary 
suspension systems and are assumed to have spring stiffness of k1 and k2 and damping 
factors of c1 and c2, respectively. The top stopper is mounted at a distance of d1 from 
the proof mass while the bottom stopper is mounted at a distance of d2 below the 
proof mass. The top-stopper distance d1 is smaller than the bottom-stopper distance d2, 
i.e., d1<d2. The secondary suspension systems limit the relative movement of the mass 
and prevent the mass from excessive travel.  
 
Figure 3.1 Piecewise linear model of a wideband PEH system with stoppers. 
In the model, the base excitation y(t) causes the proof mass to move relative to 
the housing z(t). The motion of the proof mass can be divided into three stages. In the 
first stage (stage I), assuming the motion of the mass is smaller than distances d1 and 
d2, the system retains an overall stiffness and damping of k0 and c0, respectively. 
When the mass motion exceeds d1 but is smaller than d2, the top stopper will be 
engaged (stage II). The overall stiffness and damping of the system is then increased 
to k0+k1 and c0+c1, respectively. In the third stage (stage III), when the mass motion 
exceeds d2, the top stopper as well as the bottom stopper will both be engaged. The 

















downward motion exceeds d2 and change to k0+k1 and c0+c1 as the upward motion 
exceeds d1. 
3.1.2 Device configuration 
The proposed wideband MEMS PEH system comprises of a low-frequency 
piezoelectric PZT energy harvesting cantilever (termed as PEH-L) and a high-
frequency piezoelectric PZT energy harvesting cantilever (termed as PEH-H). The 
supporting bases of PEH-L and PEH-H are separately attached to their spacer chips 
and further assembled onto their metal base as shown in Fig. 3.2.  
 
Figure 3.2 Schematic drawing of the proposed wideband PEH system with PEH-L 
and PEH-H assembled on a metal base. 
In Fig. 3.3, PEH-L consists of a Si proof mass (5-mm-long × 5-mm-wide × 0.4-
mm-thick) and a Si supporting beam (3-mm-long × 5-mm-wide × 5-μm-thick) 
integrated with ten parallel-arrayed PZT energy harvesting elements (hereinafter 
called “PZT elements”). For convenience of illustration, the PZT elements are 
assigned Arabic numbers from 1 to 10. The ten PZT elements are electrically isolated 
from one another and each PZT element consists of a top electrode layer (Ti/Pt/Ti), a 
Base of PEH-H
PEH-L
PZT beam of PEH-H
Spacer of PEH-H
Proof mass of PEH-L
PEH-H






piezoelectric thin film (PZT) and a bottom electrode layer (Pt/Ti). Each of the top and 
bottom electrodes is connected to a bonding pad individually. The proof mass is 
attached to the end of the PZT beam to achieve a low resonant frequency. Likewise, 
PZT-H has the same beam as PEH-L but without the proof mass. 
 
Figure 3.3 Schematic drawing of PEH-L. 
Figure 3.4 illustrates the operation mechanism of the impact-based wideband 
PEH system. PEH-H, which acts as a top stopper, is mounted above the proof mass at 
a distance d1 and a lateral overlapping length l. The distance of the proof mass from 
the metal base which acts as a bottom stopper is d2. In a vibration cycle, when PEH-L 
is excited with sufficiently large amplitude, the proof mass will impact both the top 
stopper (PEH-H) and the bottom stopper (metal base). The impact results in a 
reduction of the vibration amplitude but broadening of the operating bandwidth of 
PEH-L. When the proof mass impacts the stopper, the frequency responses are altered 
and the effective stiffness of PEH-L increases. The increase in stiffness raises the 
effective resonant frequency of PEH-L and widens the frequency spectrum, while 































cyclic deformation of the PZT beams would be transformed into electricity due to 
piezoelectric effect. 
 
Figure 3.4 Operation mechanism of the impact-based wideband PEH system. 
3.1.3 Fabrication process 
The microfabrication process of the PZT cantilever begins from a Silicon-on-
insulator (SOI) wafer with Si structural layer of 5 μm, buried oxide (BOX) layer of 1 
μm and Si handle layer of 400 μm. As shown in Fig. 3.5 (a), the SOI wafer is first 
oxidized at 1100oC to form a 0.3-μm-thick thermal oxide layer. After oxidation, 0.2-
μm-thick Pt/Ti thin films are deposited as a bottom electrode by DC magnetron 
sputtering at 100oC and 1.5 mTorr. A 3-µm-thick (100)-oriented PZT thin film is then 
deposited by sol-gel technique [147-149]. Commercially available PZT-20 solution 
from Kojundo Chemical Co, Japan, is used as a precursor solution. The Pb:Zr:Ti 
molar ratio in the precursor solution is 120:52:48. The solution is spin-coated onto the 
substrate at 500 rpm for 3 s, 3200 rpm for 20 s and 6000 rpm for 2 s. The deposited 
PZT film is dried at 120 oC for 2 min and pyrolyzed at 300oC for 5 min and then 
crystallized by rapid thermal annealing (RTA) at 650 oC for 2 min. The spin-coating, 
drying, pyrolysis and RTA processes are repeated for 25 times so as to obtain the 3-










dielectric constant and electrical properties of the PZT film. Finally, Ti/Pt/Ti multiple 
layers are sputtered on top of the PZT film to form a top electrode.  
 
Figure 3.5 Microfabrication process of the piezoelectric PZT cantilever. 
Figure 3.5 (b) shows the Ti/Pt/Ti top electrodes and Pt/Ti bottom electrodes are 
etched by 30 minutes 120 W Ar-ion plasma while PZT thin films are wet-etched by 
an solution of HF(0.9%)/HCl(8.2%)/H2O(90.9%) and HNO3(50%)/H2O(50%). After 
etching of the Ti/Pt/Ti/PZT/Pt/Ti multilayer, a SiO2 layer is deposited by RF-
magnetron sputtering which acts as an insulation layer (Fig. 3.5 (c)). In Fig. 3.5 (d), 
contact holes are created on the deposited SiO2 layer by reactive ion etching (RIE) 
using CHF3 gas. Subsequently, 1-μm-thick Pt wires with Ti adhesion layer are 
deposited by sputtering and patterned to connect the top and bottom electrodes to 
bonding pads. In Fig. 3.5 (e), the thermal oxide layer, structural Si layer and buried 
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Finally, Fig. 3.5 (f) shows the handle Si layer and buried oxide layer are etched by 
deep RIE (DRIE) from the backside to release the PZT beam and proof mass 
structures.  
The microfabricated piezoelectric PZT cantilever is assembled onto a dual in-line 
package (DIP) with a spacer chip, as shown in Fig. 3.6 (a) (PEH-L) and (b) (PEH-H). 
The gold wires are bonded from bonding pads of the chip to metal pins of the DIP. An 
enlarged section of the highlighted area of the boding pads on the supporting metal 
base is show in Fig. 3.6 (c). 
 
Figure 3.6 Photographs of (a) PEH-L, (b) PEH-H and (c) their bonding pads on the 
supporting metal base. 
3.2 Modeling and Simulation 
3.2.1 Output voltage and power  
For a vibration-based piezoelectric cantilever operating in 3-1 mode (as seen in Fig 
1.4), an applied mechanical stress σ1 in the longitudinal direction (denoted as 1-axis) 
induces an electrical displacement D3 across the piezoelectric layer, i.e., normal to the 
cantilever longitudinal direction (3-axis). In addition, the applied electrical field E3 
would in turn induce a mechanical strain ξ1. The relationship between the electrical 
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displacement D3 and the mechanical strain ξ1 is given by the piezoelectric constitutive 
equations as 
1313333 σε dED +=                                                                                          (3.1) 
3311111 Eds += σξ                                                                                           (3.2) 
where s11, ε33 and d31 are the axial elastic compliance for a constant electric field, the 
transverse dielectric coefficient at a constant stress and the transverse-axial 
piezoelectric constant, respectively. 
As the piezoelectric cantilever is connected to an external electric circuit and the 
load resistance is increased from zero to infinity, the system changes from a short to 
an open circuit condition. In the calculation of short-circuit current, it is assumed that 
E3 = 0; while for the open-circuit voltage, it is assumed that D3 = 0 [150]. Therefore, 
by having eco tEV ⋅= ⋅3..  and assuming a constant electric field in the thickness 
direction of the piezoelectric layer, the open circuit voltage generated across the 
piezoelectric electrodes can be obtained from 331313 /εσdE −= and is expressed in 













.. )(ξε                                                                              (3.3) 
where E is the Young’s modulus of the piezoelectric material; te is the thickness of the 
piezoelectric layer; lb is the length of the supporting beam; ξ1(x) is the strain 
distribution along the top surface of the supporting beam. Considering a piezoelectric 
cantilever with proof mass is subjected to a base acceleration, a concentrated force is 
assumed to be applied at the center of the proof mass. The strain distribution ξ1 (x) in 
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where x refers to the variable distance starting from the supporting beam anchor to the 
beam tip; lm is the proof mass length; lb and tb are the supporting beam length and 
thickness, respectively. The detailed derivations of the strain distributions for a 
cantilever with proof mass are refer to [151].  
The proof mass tip displacement δm, proof mass center displacement δc and 
supporting beam tip displacement δb are related by the following expressions 
assuming a constant slope at beam-mass connection 
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Hence, the open circuit voltages in terms of the proof mass tip displacement and 
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=                                                                                   (3.9) 
where ZP and ZL are the complex impedance of the piezoelectric capacitor and load, 
respectively. The maximum power transfer occurs when the load impedance ZL 
matches with the piezoelectric impedance, i.e., ZL=ZP. In a situation where the 
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connected load is real, i.e., ZL=RL, the maximum power transfer occurs when the load 
resistance matches with the magnitude of the piezoelectric impedance, i.e., RL= |ZP |. 
3.2.2 Frequency response 
3.2.2.1 Two-side stoppers 
For the calculation of the frequency response, it is assumed that the mechanical 
stoppers are zero mass and the impact is perfectly elastic. The differential equations of 
mass motion of the impact-based wideband PEH system with two-side stoppers can 
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where )sin()( tYty ω= , Y is the amplitude of the base excitation, ω is the excitation 
frequency; ξ0 and ω0 are the primary damping and frequency characteristics, ξ1, ξ2 and 
































To study the frequency response of the impact-based wideband PEH system, we use 
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2 =δ to obtain the following dimensionless equations of 
mass motion 



































                                            (3.13) 
The frequency response function, which describes the dimensionless amplitude a with 





42 XX +=ρπ                                                                                               (3.14) 
where  




























−=  and )/(sin 2
1
2 aδϕ
−=  are the phase angles when the proof mass 
engages the top and bottom stoppers, respectively. Detailed derivations are shown in 
Appendix A. 
3.2.2.2   One-side stopper  
When a one-side stopper is involved in the impact-based PEH system, the 
dimensionless differential equation of mass motion can be rewritten as 
),()sin(2 20 uufuuu i  +=++ ρτρξ                                                                 (3.17) 
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where i = 1 or 2 represents the situation where the mass motion engages either the top 
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42 ZZ +=ρπ                                                                                                (3.20) 
where 
)2sin2(2 01 iiii aaZ ϕϕπρξρρπξ −−−−=                                                         (3.21) 
]cos2)2sin2(
2
1[)1( 2222 iiiiii aaZ ϕδρπϕϕρρπ +−−−−=                             (3.22) 
)/(sin 1 aii δϕ
−=  is the phase angle when the proof mass engages the top or bottom 
stopper.  
3.2.3 Analytical simulation 
3.2.3.1   One-side stopper  
In the case of where the impact-based wideband PEH system employs a one-side 
stopper, the frequency response can be obtained analytically using Eq. (3.20). The 
metal base is assumed to be the only stopper at a distance of 1 mm in the simulation 
and the acceleration is set at 0.4 g. The damping ratios are assumed to be 025.00=ξ   
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and 1.02 =ξ . The stiffness related frequencies are 8.350 =f  Hz and 1002 =f Hz, 
which are obtained from mkf /2 == πω . From the simulated results, the 
frequency response of the mass motion is divided into two stages as shown in Fig. 3.7.  
The mass motion initially follows the frequency response of a linear spring-
mass-damper model and increases monotonically from A to B as the excitation 
frequency increases (Stage I). At point B, the proof mass reaches a displacement of 1 
mm and starts to engage the bottom stopper, hence transforming the motion to a 
piecewise linear model with a one-side stopper and the frequency response follows 
the trace from B to C (Stage II). The overall stiffness and damping in stage II are 
much higher than those in stage I, thus the operating bandwidth is significantly 
extended beyond the original frequency bandwidth. When the excitation frequency 
sweeps to point C, the mass motion drops immediately to point D, and reverts to the 
original trace of the linear model (without stopper) in stage I. Subsequently, the mass 
motion decreases monotonically from D to E with up-sweeping frequencies. 
 
Figure 3.7 Analytical simulation of the mass motion of the PEH system against 
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In this model, certain parameters such as base acceleration, secondary damping 
ξ2, secondary frequency characteristics ω2 and bottom-stopper distance d2 show strong 
influence on the frequency response. As shown in Fig. 3.8, each of these four 
parameters has been studied separately with the other parameters kept constant. 
Figure 3.8 (a) shows that, for constant values of ξ2, ω2, and d2, the base acceleration 
has a strong influence on the frequency operating bandwidth. For instance, when the 
base acceleration increases from 0.4 g to 0.6 g, the operating bandwidth is widened 
from 7 to 14 Hz.  
 
Figure 3.8 Parameter effects on the frequency response of the PEH system with a one-
side stopper. 
Likewise, Fig. 3.8 (b) shows the frequency response with different frequency 
characteristics of the bottom stopper, i.e., 70, 100 and 130 Hz. Since the frequency 
characteristic is related to its spring stiffness, it is seen that a higher stiffness of the 





























































































increases, the mass motion increasing rate decreases. In Fig. 3.8 (c), as the damping 
ratio of the bottom stopper increases from 0.05, 0.1 to 0.2, the frequency bandwidth 
decreases from 11, 7 to 4 Hz. Hence, a lower damping ratio is necessary to realize a 
wider frequency bandwidth. The frequency response with various bottom-stopper 
distances is shown in Fig. 3.8 (d). A lower stopper distance would result in a wider 
frequency bandwidth at the expense of a reduction in the mass motion.  
From the above observation, it is seen that the frequency wideband increases 
with a decrease in the damping and an increase in stiffness of the stopper. In addition, 
a high base acceleration is preferred to realize a better performance (wider operating 
bandwidth and higher power output). There is a trade-off for the stopper distance, 
since it affects the frequency bandwidth and mass motion with opposite trend. 
3.2.3.2   Two-side stoppers  
For the impact-based wideband PEH system with two-side stoppers, the frequency 
response can be obtained analytically using Eqs. (3.14) and (3.20). Similarly to the 
one-side stopper, initially the base acceleration is set as 0.4 g. The damping ratios are 
assumed to be 025.00=ξ , 03.01=ξ , 1.02=ξ , and the frequencies are 8.350=f , 
8.351=f , 1002=f . The top and bottom-stopper distances are 0.5 and 1 mm, 
respectively.  
As shown in Fig. 3.9, the mass motion of PEH-L is divided into three stages. In 
stage I, the mass motion follows the frequency response of a linear model and 
increases monotonically from A to B with up-sweeping frequency. At point B (d1=0.5 
mm), the mass starts to engage the top stopper. Hence, the mass motion transforms 
into a piecewise linear model with one-side stopper in Stage II. The mass motion 
increases gradually from point B until the proof mass impacts the bottom stopper at 
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point C. At this stage, the mass motion transforms into a piecewise linear model with 
two-side stoppers in Stage III. Since the overall stiffness and damping in stage III is 
higher than those in stage II, the mass motion increases slightly from C to D. At point 
D, the mass motion drops immediately to point E and reverts to the original trace of 
the linear model in stage I and subsequently the mass motion decreases monotonically 
to point F with up-sweeping frequencies. 
 
Figure 3.9 Analytical simulation of the mass motion of the PEH system against 
frequency with two-side stoppers. 
Figure 3.10 shows the frequency response of the system with two-side stoppers 
for various parameters. Similarly to the one-side stopper in Fig. 3.8, one of the four 
parameters, such as base acceleration, top-stopper damping ratio ξ1, top-stopper 
frequency characteristics f1 and top-stopper distance d1, is varied while the other three 
parameters are kept constant. Other parameters such as ξ0, ξ2, f0, f2, d2, are also kept 
constant. Figure 3.10 (a) shows the frequency responses at accelerations of 0.4 g and 
0.6 g. A higher base acceleration results in a wider operating bandwidth manifested 
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frequency) increases from 35.8, 50 to 70 Hz, the operating bandwidth in stage II are 
broadened from 4 Hz (34-38 Hz), 7 Hz (34-41 Hz) to 13 Hz (34-47Hz), respectively. 
While the starting frequencies of the operating bandwidth in stage III are shifted 
accordingly from the ending frequencies in stage II, i.e., 38, 41 and 47 Hz. Fig. 3.10 
(c) shows that the lower the damping of the top stopper, the wider the operating 
bandwidth as reflected in stage III. Fig. 3.10 (d) shows the frequency response of 
different top-stopper distances. As can be seen, a smaller stopper distance results in a 
wider operating bandwidth in stage II and a shift of the stage III operating bandwidth 
to a higher frequency range. A higher stiffness and a larger stopper distance will cause 
a larger bandwidth shift in stage III. In addition, a higher base acceleration and a 
lower damping ratio will result in a larger operating bandwidth and mass motion. 
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3.3 Experimental Work and Discussion 
3.3.1 Configuration I – One-side stopper 
3.3.1.1   Experimental setup 
The vibration testing system for configuration I consists of an electromagnetic shaker, 
a power amplifier, a dynamic signal analyzer (DSA), an accelerometer and its 
controller as shown in Fig. 3.11. The packaged PEH-L is mounted onto a printed 
circuit board (PCB) and attached together with an accelerometer onto a shaker. The 
vibration frequency and amplitude of the shaker are controlled by a DSA through an 
amplifier with a sinusoidal signal input. The output voltage of PEH-L is recorded via 
the DSA through channel 1. The acceleration signal is collected via channel 2 and 
recorded to the DSA through the acceleration controller.  
Figure 3.12 shows an equivalent voltage measurement circuit of one PZT 
element of PEH-L which is connected to the DSA. The PZT element can be 
considered as an AC voltage source VS connected in series with a piezoelectric 
impedance ZP. The piezoelectric impedance ZP is measured to be a capacitance CP of 
2.2 nF and a resistance RP of 67.2 MΩ connected in parallel. The input impedance ZL 
of the DSA, which has an equivalent load resistance RL of 1 MΩ is lower than the 
magnitude of the piezoelectric impedance |ZP|. Therefore, the output voltage detected 
by the DSA is not the open circuit voltage VS of the PZT element, but the load voltage 




Figure 3.11 Vibration testing system for configuration I. 
 
Figure 3.12 Equivalent voltage measurement circuit for one PZT element of PEH-L 
connected to the DSA. 
To accurately characterize the vibration behavior of configuration I, an optical 
method as shown in Fig. 3.13 is deployed. The optical measurement setup consists of 
a function generator, a DSA, a laser source with an angle adjustable tripod. Since 
PEH-L contains 10 PZT elements, some PZT elements are used as PZT actuators, 
while the others are used as PZT harvesters. As the PZT actuators are excited by an 
AC voltage, PEH-L will start to oscillate first. Subsequently, the PZT harvesters will 




Figure 3.13 Optical setup for the measurement of mass tip displacement for 
configuration I. 
The bending angle of the cantilever is derived from the sweeping distance of the 
reflected light on the surface plate. Hence, to calculate the relationship, the cantilever 
is initially flat and the radius of curvature of the bending is assumed constant. The 
incident light illuminates the mass surface at a fixed angle α and is reflected on a 
surface with the same angle. In a vibration cycle, when the cantilever rotates by an 
angle of θ, and the reflected light would rotate by an angle of 2θ. The maximum 





                                                                   
(3.23) 
where angles β and γ are related to the incident angle α and deflection angle θ by 
θαβ 2−= and θαγ 2+= . L0 is the perpendicular distance between the cantilever and 
plate surface. The relationship between deflection angle of the cantilever and 





































                                                           
(3.24) 
From the deflection angle, the displacement of the proof mass tip δm is given by 
θθθδ sinsin/)cos1( mbm ll +−=                                                                (3.25) 
3.3.1.2 Energy harvesting characteristics 
The vibration testing system as shown in Fig. 3.11 is used to characterize the energy 
harvesting performance of configuration I. PEH-L is assembled onto a PCB board and 
six of the ten PZT elements are individually connected to the DSA for load voltage 
measurement. The vibration frequency of the shaker sweeps from 20 Hz to 50 Hz, and 
the load voltages generated from each PZT element are recorded by the DSA.  
Figure 3.14 (a) shows the variation of the load rms voltages of No. 6 PZT 
element against vibration frequencies at different input accelerations ranging from 0.1 
to 1.0 g. It is found that at a low input acceleration of 0.1 g, the maximum load rms 
voltage of 27 mV is generated at a low resonant frequency of 36 Hz. As the input 
acceleration increases more than 0.2 g, the load rms voltage is suppressed but the 
operating frequency is extended to a wider bandwidth. The higher input acceleration, 
the wider bandwidth of the operating frequency. Other PZT elements show similar 
trend. Figure 3.14 (b) shows that the load rms voltages fluctuate for each of the PZT 
element at acceleration of 0.1 and 0.2 g. The average load rms voltages are 37 and 50 
mV at acceleration of 0.1 and 0.2 g, respectively. Because these ten PZT elements 
experience similar induced strain in each vibrate cycle, they should exhibit similar 
voltage output. The variation in the output could be due to the small variation of the 






Figure 3.14 (a) Load voltages against frequencies for No. 6 PZT element at different 
accelerations; (b) Load voltages at resonant frequency of each PZT element at 
accelerations of 0.1 and 0.2 g. 
Figure 3.15 (a) shows the load rms voltages against vibration frequencies for six 
PZT elements (No. 2, 3, 4, 7, 8, and 9) connected in parallel at different input 
accelerations. The characteristics show a similar trend with that of Fig. 3.14 (a), but 
with much higher voltage output. For an input acceleration of 0.1 g, the maximum 
load rms voltage is 94 mV at a resonant frequency of 36 Hz. As the input acceleration 














































frequencies of 30.1, 36 and 47.3 Hz, respectively, while the operating bandwidth is 
extended to 17 Hz (from 30 to 47 Hz). At the same time, the load voltage is steadily 
increased within this frequency bandwidth. These figures also indicate that, as long as 
the vibration frequencies are within this bandwidth, the voltage remains constant even 
as the input acceleration changes. 
 
 
Figure 3.15 (a) Load voltages against frequencies at different accelerations; (b) Load 
voltages against frequencies at accelerations of 1.0 g for six PZT elements in parallel. 
Taken six PZT elements with an input acceleration of 1.0 g for example (as 




























































load voltage increases monotonically from point A until point B (30 Hz), where the 
proof mass impacts the metal base. From this point, the voltage increases at a smaller 
rate until it reached point D (47 Hz) where the voltage suddenly decreases to point E. 
From this point, the system changes to a linear behavior and rattling of the vibration 
ceases. From point E to point F, the voltage decreases with increasing frequency until 
50 Hz. As the excitation frequency sweeps down from 50 Hz, the load rms voltage 
increases from point F to point C (41.5 Hz), where again the proof mass impacts the 
metal base and rattling occurs. When the excitation frequency is reduced to point B, 
the vibrating amplitude is not sufficiently large for the proof mass to engage the metal 
base and the vibrating frequency is eventually reduced to 20 Hz at point A. In this 
vibration cycle, the operating bandwidth is widened from 11.5 Hz to 17 Hz, which is 
an increase of 150% of the original bandwidth. 
3.3.1.3   Vibration amplitude measurement 
To demonstrate the wideband effect of configuration I and to study the relationship 
between the proof mass displacement and output voltage, an optical experimental 
setup shown in Fig. 3.13 is used. In the experiment, six PZT elements (No. 2, 3, 4, 7, 
8, and 9) are connected in parallel to a function generator, which act as PZT actuators. 
The PZT element of No. 6 is connected with the DSA as the energy harvesting 
element. The excitation frequency is set from 25 to 45 Hz at an increment of 1 Hz. 
The excitation voltage is applied from 1 to 10 V at an interval of 0.5 V.  
Figure 3.16 shows the load voltages of No. 6 PZT element against frequencies at 
different excitation voltages and input accelerations. This suggests that the voltage 
outputs and vibration behaviors of PEH-L excited by six PZT elements at excitation 
voltages of 2.5, 5 and 9 V are equivalent to those excited at accelerations of 0.1, 0.2 
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and 0.4 g, respectively. Under these three excitation voltages, the sweeping distances 
of reflected laser light on the plate surface are measured. By using Eqs. (3.24) and 
(3.25), the mass tip displacements are calculated and plotted in Fig. 3.17.  
 
Figure 3.16 Calibration of the load rms voltages of No. 6 PZT element against 
frequencies at various AC excitation voltages and input accelerations. 
 
Figure 3.17 Mass tip displacements against frequencies for different excitation 
voltages. 
It is seen that at an excitation voltage of 5 V which is equivalent to input 










































) 2.5V 5V 9V
CHAPTER 3 
63 
the distance between the mass tip and metal base. At an excitation voltage of 9 V, the 
frequency increases steadily from 25 Hz to 33 Hz, the mass tip displacement increases 
from 381 μm to about 1100 μm, where it impacts the metal base. The displacement at 
this stage remains at a platean of around 1100 μm until it reaches to 40 Hz, where the 
mass tip displacement suddenly decreases to 458 μm. From this point onward, the 
mass tip displacement decreases gradually to 260 μm at 45 Hz without any rattling 
occurs. 
From the mass tip displacement, the output voltages of one PZT element can be 
calculated by Eq. (3.7). Using the material properties and structural parameters as 
shwon in Table 3.1, the computed values are compared with the experimental values 
of No. 9 PZT element. As shown in Fig. 3.18, both set of results match well. The solid 
lines represent the experimental results at accelerations of 0.1, 0.2 and 0.4 g and the 
dotted lines are the theoretical values at excitation voltages of 2.5, 5 and 9 V (which 
correspond to acceleration of 0.1, 0.2 and 0.4 g). 
Table 3.1 Material properties and structural parameters of the piezoelectric cantilever 
 Parameter Value 
Structural parameters Length of PZT beam 3 mm 
 Width of PZT beam 5 mm 
 Thickness of PZT beam 5 μm 
 Length of proof mass 5 mm 
 Width of proof mass 5 mm 
 Thickness of proof mass 0.4 mm 
 Length of PZT element 3 mm 
 Width of PZT element 0.24 mm 
 Thickness of PZT element 3 μm 
Material properties Young’s modulus of PZT 72 GPa 
 Relative dielectric constant of PZT 1000 
 Piezoelectric constant of PZT -50 pm/V 





Figure 3.18 Experimental and theoretical results of the load rms voltages against 
frequencies for No. 9 PZT element. 
3.3.2 Configuration II– Two-side stoppers 
3.3.2.1   Experimental setup 
The experimental setup for configuration II is by and large similar to that of 
configuration I. As shown in Fig. 3.19 (a), the fine-adjustment (FA) mechanism is 
utilized to assemble PEH-L and PEH-H together. It consists of a top and bottom L-
shaped Al plates mounted on a microstage. The bottom L-shaped plate is fixed while 
the top L-shaped plate is movable and can be finely adjusted in the x- and z- 
directions. In addition to PEH-L which is mounted at the bottom L-shaped plate, 
PEH-H is mounted at the top L-shaped plate. Both the vertical d1 and horizontal l 
distances between PEH-L and PEH-H can be adjusted accurately.  
The entire FA mechanism is mounted on a vibration shaker as shown in Fig. 3.19 
(b). The vibration frequency and amplitude of the shaker are controlled by a DSA 
through an amplifier. The output voltages of PEH-L with two PZT elements 
























connected in series (capacitance of 0.72 nF) are recorded separately by the DSA and 
an oscilloscope (internal impedance 1 MΩ). The measured output voltages of the 






Figure 3.19 (a) FA mechanism for energy harvesting characterization; (b) Vibration 
testing setup for configuration II. 
3.3.2.2 Energy harvesting characteristics 
In configuration II, PEH-H is employed as a top stopper and mounted at distances of 
0.75 and 0.5 mm from the proof mass of PEH-L with a horizontal overlapping 
distance of 0.1 mm. Figure 3.20 shows the output rms voltages of PEH-H against 
frequencies at accelerations of 0.2, 0.4 and 0.6 g, respectively. As seen in Fig. 3.20 (a), 
for a top-stopper distance d1 of 0.75 mm at an acceleration of 0.2 g, as the excitation 
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frequency sweeps up, the output voltage increases monotonically until the proof mass 
impacts PEH-H when the amplitude of the proof mass reaches 0.75 mm. Thereafter, 
the vibration transforms into stage II, and the output rms voltage increases steadily 
from 60 mV at 34 Hz to 83 mV at 40 Hz. At an acceleration of 0.4 g, when the 
amplitude of PEH-L reaches 0.75 mm, the proof mass again engages PEH-H (stage II). 
Thereafter, the amplitude continues to increase until it reaches 1.1 mm at 40 Hz. In 
this stage, the proof mass engages the metal base which acts as the bottom stopper as 
well (stage III). In stage II, the output rms voltage increases from 60 to 83 mV as the 
frequency sweeps from 32 to 40 Hz. In stage III, the output rms voltage increases 
slightly from 83 to 92 mV as the frequency sweeps from 40 to 46 Hz. Since the 
stiffness of the bottom stopper is much higher than that of the top stopper, the voltage 
increment in stage III is significantly lower than that in stage II. At an acceleration of 
0.6 g, the operating bandwidth in stages II is broadened from 31 to 40 Hz, while in 
stage III it is 40 to 49 Hz. The corresponding output rms voltages are respectively 60 
to 83 mV and 83 to 97 mV.  
        When the top-stopper distance d1 is reduced to 0.5 mm as shown in Fig. 3.20 (b), 
the maximum voltage in stage II is not significantly reduced except at the initial phase 
of stage II. However, the rate of voltage increment in stage II becomes steeper and the 
operating frequency range is widened significantly. At an excitation frequency of 
about 44 Hz, PEH-L engages the metal base (stage III) and the output voltage remains 
relatively flat. As a result, decreasing the top-stopper distance would increase the 
operating frequency range in stage II and shift the on-set vibration of stage III to a 




Figure 3.20 Voltage outputs against frequencies for configuration II at different base 
accelerations and stopper distances. 
3.3.3 Comparison of configurations I and II 
Appendix B shows the expemental results of the output voltage and power of six 
connected PZT elements. It elucidates that when the load resistance matches with the 
internal impedance, the PZT elements either in series or in parallel connections 
produce the same level of power. However, PZT elements in parallel connection is 
preferred because a lower matched load resistance is required. Hence, as shown in Fig. 
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PZT elements connected in parallel at base acceleration of 0.6 g is obtained by using 
Eq. (3.21). As can be seen, for configuration I, the output power is relatively higher 
from 72 to 114 nW within a narrower bandwidth ranging from 32 to 42 Hz. While for 
configuration II (d1 = 0.75 mm and d2 = 1.1 mm), the output power varies from 34 to 
100 nW within a larger wideband range of 30 to 48 Hz.  
 
Figure 3.21 Optimal power outputs against frequency for configurations I and II. 
 
Table 3.2 Comparison of operating frequency bandwidth 








[96] Cantilever array -- -- 87 -115 100 0.28 




Prototype 0.1 94 - 99 94.7 0.05 
[117] Nonlinear spring MEMS 0.158 520 - 590 588 0.12 
This 
work 
Configuration I MEMS 0.6 32 - 42 36 0.28 
Configuration II MEMS 0.6 30 - 48 36 0.5 
 
The operating bandwidth of the PEH system (configurations I and II) is 
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frequency bandwidth (NFB), which is obtained by dividing the operating frequency 
bandwidth with the center resonant frequency, the proposed wideband PEH system 
realizes a much higher NFB than those reported. 
3.4 Summary 
This chapter presents the design, microfabrication, modeling and characterization of a 
PEH system with a wide operating bandwidth introduced by the use of mechanical 
stoppers. The wideband frequency responses of the PEH system with one-side stopper 
(configuration I) and two-side stoppers (configuration II) are analytically and 
experimentally investigated. The key parameters for the frequency response have 
been studied based on a mathematical model. It is found that a larger stopper distance 
will result in a larger operating bandwidth but at a cost of reduced output power. The 
experimental results show a good agreement with the modeling results. For 
configuration I, the output power ranges from 72 to 114 nW within a bandwidth 
ranging from 32 to 42 Hz at an acceleration of 0.6 g. For configuration II, the 
operating bandwidth is broadened to 18 Hz (30–48 Hz) and the corresponding optimal 
power ranges from 34 to 100 nW at an acceleration of 0.6 g with the top- and bottom-
stopper distances of 0.75 and 1.1 mm, respectively. The operating bandwidth of the 
PEH system (configurations I and II) in terms of NFB is much higher than those 
reported. It is noteworthy that the developed MEMS PEH system should provide both 
the frequency wideband and FUC behaviors at the same time. Hence, in the following 
chapter, the PEH system with FUC behavior is studied and discussed in detail.  




A FUC Vibration-Based MEMS Energy 
Harvester  
To date most vibration-based energy harvesters, particularly MEMS-based harvesters, 
operate at frequencies of more than 100 Hz. Increasing compliant spring and bulk 
movable mass are required to achieve lower resonant frequency for low-frequency 
vibration scenarios. It is a great challenge to achieve small size and low resonant 
frequency simultaneously. In addition, low operating frequency would also result in 
reduced power output. FUC approach has been touted as a breakthrough to boost 
output power at low vibration frequencies. This chapter describes the work done on 
the development of FUC energy harvesting systems. This will not only realize a low 
and wideband frequency response but also convert the low-frequency excitation to a 
higher frequency range. As a result, significant additional power would be generated.  
4.1 Design and Fabrication 
4.1.1 Working principle 
Figures 4.1 (a) and (b) show the architecture and mechanical model of a vibration-
based FUC energy harvester system assembled with FUC oscillators 1 and 2 (termed 
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as FUC-1 and FUC-2). The system contains an excitation oscillator with spring 
stiffness k0, damping factor c0, and proof mass m0. FUC-1 with spring stiffness k1, 
damping factor c1 and proof mass m1 is placed at a distance of x1 above the proof 
mass m0. Likewise, FUC-2 with stiffness k2, damping factor c2 and proof mass m2 is 
placed at a distance of x2 below the proof mass m0. The resonant frequencies of the 
FUC oscillators, i.e., ω1 and ω2, are higher than that of the excitation oscillator ω0.   
 
Figure 4.1 (a) Architecture, (b) mechanical model and (c) operation illustration of a 
vibration-based energy harvester system with FUC oscillators (FUC-1 and FUC-2).  
The operation sequence of the system is shown in Fig. 4.1 (c). The excitation 
oscillator operates in such a way that the proof mass moves upward and downward 
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proof mass moves toward FUC-1. In stage B, the proof mass engages FUC-1 and they 
move together until the position where FUC-1 is released from the proof mass. In 
stage C, the proof mass continues its downward movement to FUC-2, during when 
FUC-1 self-oscillates at a high frequency, converting the mechanical energy in the 
spring to electrical energy. This process is then repeated in the opposite direction. 
When the excitation oscillator engages the FUC oscillator, there would be a sudden 
increase in the effective stiffness. The increase in stiffness would broaden the 
operating frequency range as described in Chapter 3. Thus the FUC behavior and 
bandwidth broadening are achieved simultaneously. In the system, the main design 
consideration is the minimum acceleration and gap distances at which the FUC 
oscillators will begin operation. In addition, the spring stiffness and weight of the 
proof mass are also important factors for achieving optimized performance. 
4.1.2 Device configuration 
4.1.2.1 PEH-I system  
In Chapter 3, the frequency wideband behavior of the PEH system has been described.  
The system is termed PEH-I to differentiate it from a second version PEH-II which is 
described in the following section. In PEH-I system, the top stopper (PEH-H) also 
acts as a FUC oscillator and is assembled with a pre-determined gap distance of 0.75 
mm from the proof mass. In the case that the vibration amplitude of PEH-L is larger 
than the gap distance of 0.75 mm, it is able to respond to ambient vibrations over a 
wider frequency bandwidth, while PEH-H, which acts as a FUC oscillator, would be 
triggered by the proof mass of PEH-L into a high-frequency oscillation.  
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Figure 4.2 (a) Schematic drawing of  PEH-I system; (b) microfabricated PEH-L and 
(c) PEH-H devices; (d) arrangement and (e) vibration behavior of PEH-I system. 
4.1.2.2 PEH-II system  
In Fig. 4.3 (a), a second FUC system (PEH-II) which comprises of a low-resonant-
frequency (LRF) energy harvesting cantilever and a high-resonant-frequency (HRF) 
energy harvesting cantilever of the same chip size (5.2 mm × 4.2 mm × 0.4 mm). A 
cross-sectional view of the PEH-II system is shown in Fig. 4.3 (b). The LRF 
cantilever as shown in Fig. 4.3 (c) consists of a meandered Si beam coated with PZT 
thin film layer and a Si proof mass (1.65 mm × 2 mm× 0.4 mm) is attached at its end. 
The effective length, width and thickness of the meandered Si beam are 1.65 mm, 0.2 
mm and 5 μm, respectively. The LRF cantilever is not only smaller in size but also 
has an extremely low resonant frequency of 20 Hz. Such low resonant frequency is 
rarely reported as MEMS energy harvesters. The HRF cantilever as shown in Fig. 4.3 
(d) consists of a straight Si beam (1.65 mm × 2 mm ×5 μm) deposited with PZT thin 
film layer (2 μm thick) and a proof mass of the same size as that of the LRF cantilever. 
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The HRF cantilever has a relatively higher resonant frequency of 127 Hz. The 
detailed material and structural parameters are summarized in Table 4.1.  
 
Figure 4.3 (a) Schematic illustration and (b) its cross section view of the PEH-II 
system; (c) 3D drawings and photographs of the meandered LRF and (d) straight HRF 
cantilevers. 
The LRF and HRF cantilevers are separately assembled onto their DIPs 
supported by spacer chips in between. The distance x1 between the HRF and LRF 
cantilevers is assigned as 1.5 mm, while the distance x2 between the LRF cantilever 
and its DIP is 3 mm. Since the PZT thin film layer deposited on the meandered LRF 
cantilever is limited and the operating frequency is low, the power generated by the 
(a) (b)
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LRF cantilever would be very small. However, due to the low stiffness of the beam, 
its vibration amplitude could be relatively large. Hence, the LRF cantilever is able to 
engage the HRF cantilever and subsequently convert the low-frequency excitation 
into a high-frequency oscillation of the HRF cantilever. As a result, the total output 
power of the FUC PEH-II system would be increased significantly. 
Table 4.1 Material and structural parameters of the LRF and HRF cantilevers 
Parameter LRF cantilever HRF cantilever 
Young’s modulus of PZT, E 72 GPa 
Vacuum dielectric coefficient, ε0 8.85×10-12 Fm-1 
Relative dielectric coefficient of PZT, ε33/ε0 1000 
Piezoelectric constant of PZT, d31 -50 pm/V 
Capacitance of PZT thin film, Ce 5.3 nF 13 nF 
Thickness of PZT thin film, te 2 μm 2 μm 
Length of PZT beam, lb 9.65 mm 1.65 mm 
Width of PZT beam, wb 0.2 mm 2 mm 
Thickness of PZT beam, tb 5 μm 5 μm 
Length of proof mass, lm 1.65 mm 1.65 mm 
Width of proof mass, wm 2 mm 2 mm 
Thickness of proof mass, tm 0.4 mm 0.4 mm 
Weight of proof mass, m 3.1×10-6 kg 3.1×10-6 kg 
Resonant frequency of cantilever, f 20 Hz 127 Hz 
Angular frequency of cantilever, ω 125.6  797.6 
Damping ratio, ξ 0.01 0.01 
 
4.1.3 Fabrication process 
The meandered LRF and straight HRF cantilevers are fabricated using 
micromachining process on a SOI wafer with 5-μm-thick Si device layer, 1-μm-thick 
BOX layer and 400-μm-thick Si handle layer. The process starts from multilayer 
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depositions of Pt/Ti/PZT/Ti/Pt/SiO2 on the frontside of the SOI wafer as shown in Fig. 
4.4 (a). After thermal oxidation of the SOI wafer at 1100 °C, Pt (0.2 μm)/Ti (0.05 μm) 
thin films are deposited by DC magnetron sputtering to form the bottom electrode. A 
Pb(Zr0.52,Ti0.48)O3 film of 2-μm-thick is then deposited by sol-gel deposition. Finally, 
Pt (0.2 μm)/Ti (0.05 μm) thin films are deposited by DC magnetron sputtering to form 
the top electrode.  
 
Figure 4.4 Microfabrication process of the LRF and HRF cantilevers. 
In Fig. 4.4 (b), the top and bottom electrodes are etched by Ar ions, and the PZT 
thin film is wet etched by a mixture of HF, HNO3 and HCl. A 0.8-μm-thick SiO2 thin 
film is then deposited by RF-magnetron sputtering as an insulation layer as shown in 
Fig. 4.4 (c). In Fig. 4.4 (d), contact holes are etched and patterned with Pt to form the 
bonding pads. As shown in Fig. 4.4 (e), the SiO2 layer and Si device layer are etched 
by RIE using feed gases of CHF3 and SF6, respectively. Finally, as in Fig. 4.4 (f), the 
(a) Deposition of Pt/Ti/PZT/Pt/Ti/SiO2 (b) Patterning of Pt/Ti, PZT, Pt/Ti
(c) Deposition of SiO2 (d) Etch and patterning of contact pads 
(e) Frontside RIE (f) Backside DRIE to release cantilever
Si SiO2 Pt electrodes PZT Pt pads
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Si handle layer and BOX layer are etched from the backside using DRIE to release the 
cantilever structure. The microfabricated devices are assembled onto their DIPs with 
spacer chips in between and the bonding pads are connected to the metal pins of the 
DIPs by gold wires. 
4.2 Modeling and Simulation 
4.2.1 Modeling of FUC energy harvester system 
As shown in Fig. 4.5, a mechanical model of a FUC vibration-based energy harvester 
system is composed of three mass-spring-damper oscillation sub-systems in which 
each sub-system influences each other. When the whole system is subjected to a time-
varying excitation acceleration, the three oscillators will respond nonlinearly due to 
the periodic impact. A time-domain dynamic analysis is carried out and three cases 
are considered.  
 
Figure 4.5 Illustration of cases I, II and III when the excitation oscillator is moving in 
between the two FUC oscillators. 
Case I is the situation in which the excitation oscillator and FUC-1 engages each 
other and moves as a single system as shown in Fig. 4.5 (a), and FUC-2 is oscillating 




















(a) Case I (c) Case III
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describes a system when the excitation oscillator engages FUC-2 and FUC-1 is left to 
self-oscillate on its own. In case III, all the three oscillators are oscillating separately 
as shown in Fig. 4.5 (c). In this case, the excitation oscillator has just separated from 
the combined mode with one FUC oscillator, and is approaching to the other FUC 
oscillator. 
The motions of the excitation oscillator, FUC-1 and FUC-2 relative to the casing 
are denoted by z(t), s1(t), and s2(t), respectively. The differential equations of motion 
in case I are described by two second-order differential equations. After the 
engagement between FUC-1 and the excitation oscillator, the combined FUC-1 
oscillator is driven by an external excitation )sin( ty ω . While the single FUC-2 
experiences a damped self-oscillation after release from the excitation oscillator. 
Therefore, the motions of the combined FUC-1 and single FUC-2 oscillators in case I 
are given by 
)sin()()()()( 1011011110110 tymmxsksksccsmm ω +−=++++++                 (4.1) 
)sin(2222222 tymskscsm ω −=++                                                                (4.2) 
Since the motion of the excitation oscillator z(t) is the same as FUC-1 with a top gap 
distance x1, it is represented as z(t) = s1(t) + x1 .  
Case II accounts for the time when the excitation oscillator is combined with 
FUC-2. It is symmetric to case I with only sign changes. Therefore, the motions of the 
combined FUC-2 and single FUC-1 are given by 
)sin()()()()( 2022022220220 tymmxsksksccsmm ω +−=−+++++          (4.3) 
)sin(111111 tymskscsm ω −=++                                                                     (4.4) 
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Similarly, the motion of the excitation oscillator is the same as FUC-2 with an bottom 
gap distance x2, thus it is given by z(t) = s2(t) - x2 .  
When the excitation oscillator is in contact with either FUC-1 or FUC-2, a 
normal (or contact) force T is exerted on the FUC oscillator. When the oscillators are 
no longer in contact, T is equal to zero. The normal forces exerted on FUC-1 (T1) and 
FUC-2 (T2) by the excitation oscillator are given by 
)sin(11111111 tymskscsmT ω +++=                                                                (4.5) 
)sin(22222222 tymskscsmT ω +++=                                                             (4.6) 
In case III, these three oscillators are free to move independently. Therefore, the 
differential equation of motions are given by  
)sin(0000 tymzkzczm ω −=++                                                                    (4.7a) 
)sin(111111 tymskscsm ω −=++                                                                   (4.7b) 
)sin(2222222 tymskscsm ω −=++                                                               (4.7c) 
Case III is valid as long as the excitation oscillator does not make contact with either 
of the FUC oscillators. If z(t) is larger than s1(t) + x1 or less than s2(t) - x2, the system 
will revert back from case III to case I or II.  
During the impact, the initial velocities of the combined FUC-1 and FUC-2 


















=                                                                (4.9) 
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where v0, v1 and v2 are the instantaneous velocities of the three single oscillators at the 
moment of contact; V1 and V2 are the ensuing velocities of the combined FUC-1 and 
FUC-2 in cases I and II; CR is the coefficient of restitution of two colliding objects is a 
fractional value representing the ratio of speeds after and before an impact. CR = 1 
represents the situation that pairs of objects with collide elastically, while CR < 1 is 
the case that objects collide inelastically. For CR = 0, the objects effectively "stop" at 
the collision, not bouncing at all. In this model, it is assumed the impact between the 
excitation oscillator and FUC oscillators is an elastic collision (CR = 1). Hence, Eqs. 


















=                                                                             (4.11) 
4.2.2 Simulation of FUC energy harvester system 
The dynamic motion of a FUC energy harvester system can be simulated using a 
software tool (Matlab). In the simulation, the excitation oscillator is assumed as a 
LRF cantilever, while FUC-1 and FUC-2 are considered as HRF cantilevers. The 
material properties and dimensions are shown in Tablea 4.1. The proof mass of the 
excitation oscillator and FUC oscillators is 3.1×10-6 kg. The resonant frequency of the 
excitation oscillator is 20 Hz, while that of FUC-1 and FUC-2 is 127 Hz. Hence, the 
corresponding frequency characteristics in terms of ω0, ω1 and ω2 are 125.6, 797.6 
and 797.6, respectively, where 00 2 fπω = , 11 2 fπω = and  22 2 fπω = . The damping 
ratios ξ0, ξ1 and ξ2 are assumed to be 0.01, and the damping factors c0, c1 and c2 are 
obtained from 0000 /2 mc=ωξ , 1111 /2 mc=ωξ and 2222 /2 mc=ωξ . FUC-1 and FUC-
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2 are set at the same gap distance of 4 mm from the excitation oscillator. When the 
system is subjected to a harmonic excitation, the simulation diagram for the dynamic 
motion of the FUC energy harvester system is given in Fig. 4.6.  
       The simulation time is started from t=0 s and ended at t=10 s with a tiny time 
step of 0.001 s. In the initial condition, the simulation parameters of the excitation 
oscillator, FUC-1 and FUC-2 are provided. As the system responds to the external 
excitation )(ty , the mass displacements )(),(),( 21 tststz ,velocities )(),(),( 21 tststz  and 
accelerations )(),(),( 21 tststz  of the three oscillators are calculated in case III using the 
differential equations (4.7a), (4.7b) and (4.7c), respectively. At every time step in case 
III loop, the gap distances between the excitation oscillator and the FUC-1 [x1 =z(t) -
s1(t)], FUC-2 [x2 =s1(t)-z(t)] are counted. As the gap distance x1 or x2 satisfies the 
condition 01 ≤x  or 02 ≤x , it means the excitation oscillator starts to contact with 
FUC-1 or FUC-2. Subsequently, the dynamic mass motion of the system will jump 
from case III to case I or case II, which accounts for the situation when the excitation 
oscillator is combined with FUC-1 or FUC-2. The initial velocities of the combined 
FUC-1 and FUC-2 systems in cases I and II, namely V1 and V2 are given by equations 
(4.10) and (4.11), where the velocities of the three oscillators before engagement, 
namely v0, v1 and v2 can be obtained from the last time step calculation in case III. 
After the system transfer to case I or II, the mass displacements, velocities and 
accelerations of the three oscillators can be obtained in every time step, by using 
equations (4.1) and (4.2) for case I and equations (4.3) and (4.4) for case II. 
Meanwhile, the contact force T between the excitation oscillator and FUC oscillator is 
calculated according to equations (4.5) and (4.6), respectively, in every running loop. 
As T is equal to zero, the oscillators are no longer in contact and the system returns 
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back to case III again. The calculation loop will be continued until the simulation time 
runs to the time end. 
 
Figure 4.6 Simulation diagram using Matlab for the dynamic motion of the FUC 
energy harvester system. 
        Figure 4.7 shows the dynamic motion of FUC-1 (in green solid line), FUC-2 (in 
blue solid line) and excitation oscillator (in red dash line) as the system is subjected to 
a harmonic excitation of frequency 20 Hz at an acceleration of 1 g. For clarity, the 
motion of FUC-1 and FUC-2 is shifted at a distance of 4 mm from that of the 
excitation oscillator. Considering a particular instant of an oscillation cycle when the 
excitation oscillator is just in contact with FUC-1 at point A (case I). The excitation 
oscillator and FUC-1 are engaged and moves upward together. They experience a 
damped oscillation in its combined mode until point B, where the contact force 
between FUC-1 and excitation oscillator is reduced to zero. Thereafter, they separate 
from each other and assume a case III motion, where FUC-1 is left to self-oscillate at 
high frequency, while the excitation oscillator continues its downward movement 
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until point C. At point C, the excitation oscillator engages FUC-2 and assumes a case 
II motion until point D. At point D, FUC-2 is released to self-oscillate at high 
frequency, while the excitation oscillator moves upward until point E, where the 
excitation oscillator engages the self-oscillating FUC-1 again. The vibration cycle will 
persist as long as the amplitude of the excitation oscillator is larger than the prescribed 
gap distance of 4 mm.  
 
Figure 4.7 Simulation results of the dynamic motion of FUC-1, FUC-2 and excitation 
oscillator at an excitation frequency of 20 Hz and acceleration of 1 g. 
        Using Eq. (3.8), the output voltages of FUC-1 and the excitation oscillator are 
plotted as shown in Fig. 4.8 (a). The output voltage characteristics of FUC-2 are 
similar to that of FUC-1. As can be seen, the peak voltage of FUC-1 (151.9 mV) is 
higher than that of the excitation oscillator (80.7 mV), although the amplitude of 
FUC-1 (0.35 mm) is much smaller than that of the excitation oscillator (4.35 mm). 
From the output voltage shown in Fig. 4.8 (a), the optimized output power of FUC-1 
and excitation oscillator are computed using Eq. (3.9) and shown in Fig 4.8 (b). Since 
the peak power of the excitation oscillator is only about 4.4 nW, it is too low to be 
identified. In contrast, the peak power of FUC-1 is as high as 0.24 μW, which is 54 
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power of FUC-2 are similar to those of FUC-1. It is clear that the output power of the 
system is significantly improved by employing the FUC oscillators. 
 
Figure 4.8 Simulated results of (a) output voltages and (b) power for FUC-1 and the 
excitation oscillator at excitation frequency of 20 Hz and acceleration of 1 g. 
4.3 Experimental Work and Discussion 
4.3.1 Experimental setup 
Figure 4.9 shows the vibration testing setups for the FUC energy harvester (PEH-I 
and PEH-II) systems. The FA mechanism (in Fig. 3.19 (a)) is again employed for 
adjusting the gap distance between the excitation and FUC oscillators. The packaged 
PZT cantilevers are assembled onto their breadboards and mounted on the top and 
bottom L-shaped plates separately. The FA mechanism together with the assembled 
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shaker are controlled by a function generator through an amplifier. An accelerometer 
is attached to the FA mechanism to measure the base vibration acceleration. The 
output voltages of the PZT cantilevers are recorded by an oscilloscope with an 
assumed load resistance of 1 MΩ. 
 
Figure 4.9 Experimental setup for the FUC energy harvester system. 
4.3.2 PEH-I system 
Figure 4.10 illustrates the FUC behavior of PEH-L and PEH-H in the PEH-I system. 
Since the top gap distance of 0.75 mm is smaller than the bottom gap distance of 1.1 
mm, PEH-L could only engage PEH-H and not the metal package base. Consider a 
particular instant of an oscillation cycle when the proof mass is at its lowest point at 
position① and  starts to move to position② where it impacts the supporting beam of 
PEH-H. The proof mass would then move upward together with the supporting beam 
until it reaches its maximum amplitude at position③. Subsequently, the proof mass 
together with the supporting beam would move downward until the supporting beam 
loses contact with the proof mass at  position④. Thereafter, the proof mass continues 
its downward movement to position① during which the supporting beam of PEH-H is 
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left to self-oscillate at its own resonant frequency. The cycle is then repeated as the 
proof mass moves towards position② again. The oscillation cycle is repeated as long 
as the vibration amplitude of the proof mass is larger than the gap distance. 
 
Figure 4.10 FUC behavior of the PEH-I system.  
In the PEH-I system, two PZT elements of both PEH-L and PEH-H are 
connected in series for energy harvesting. From the instantaneous voltage output, it is 
found that the FUC behavior occurs over a wide operating bandwidth ranging from 30 
Hz to 52 Hz at a base acceleration of 0.8 g and a gap distance of 0.75 mm. Figure 4.11 
shows the instantaneous output voltage of PEH-L and PEH-H at frequencies of 37 and 
51 Hz at 0.8 g, respectively. In Fig. 4.11 (a), the output voltage (peak voltage of 65.5 
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mV) of PEH-L (in blue) oscillates at 37 Hz; when it engages PEH-H (in red), which 
subsequently starts to self-oscillate at its natural frequency of 618 Hz, at an peak 
voltage of 73 mV, which is higher than that of PEH-L. At a higher excitation 
frequency of 51 Hz (Fig. 4.11 (b)), the peak voltage of PEH-L is 87.2 mV, while the 
peak voltage of PEH-H is increased to 106.1 mV at its natural frequency of 618 Hz. 
The output power at excitation frequencies of 37 and 51 Hz (acceleration of 0.8 g) are 
approximately 0.006 and 0.012 μW, respectively. Thus for ten PZT elements, the peak 
power would be around 0.03 (37 Hz) and 0.06 μW (51 Hz). As for PEH-H, the peak 
power at 37 and 51 Hz are around 0.018 and 0.026 μW, respectively. Hence, the peak 
power for ten PZT elements would be 0.09 (37 Hz) and 0.13 μW (51 Hz). The above 
results show that by incorporating the FUC oscillator, the total peak-power of the 




Figure 4.11 Instantaneous output voltages of PEH-L and PEH-H at frequencies of (a) 
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4.3.3 PEH- II system 
As illustrated in Fig. 4.10, the FUC behavior of the PEH-II system is similar to 
that of PEH-I system. Since the top gap distance of 1.5 mm is smaller than the bottom 
gap distance of 3 mm, the LRF cantilever could only engage the HRF cantilever and 
not the metal package base. From the voltage output of PEH-II system, it is seen that 
FUC occurs during a wide operating frequency range from 13 to 26 Hz for a base 
acceleration of 0.8 g.  
Figure 4.12 shows the instantaneous output voltages of the LRF and HRF 
cantilevers at vibration frequencies of 20 and 25 Hz, respectively. In Fig. 4.12 (a), the 
LRF cantilever (in green) oscillating at 20 Hz impacts the HRF cantilever at every 
vibration cycle and results in the HRF cantilever self-oscillating at 127 Hz (in purple). 
The peak voltage of the HRF cantilever of 153 mV is about 5 times higher than that of 
the LRF cantilever. Likewise, in Fig. 4.12 (b), the peak voltage of the HRF cantilever 
oscillating at 25 Hz is 209 mV, while that of the LRF cantilever which oscillates at 
127 Hz has an peak voltage of 49 mV. The output voltage is increased about 4 times 
at a frequency of 25 Hz.  
It is seen from Fig. 4.13 that at frequencies of 20 and 25 Hz (assuming the load 
resistance matches internal impedances), optimal power spectra can be calculated 
from the corresponding output voltages. For the LRF cantilever, the peak power 
obtained at 20 and 25 Hz are 0.003 and 0.01 μW, respectively. While those of the 
HRF cantilever are 0.34 (at 20 Hz) and 0.87 μW (at 25 Hz). As can be seen, the peak 
power of the HRF cantilever is up to 100 times higher than that of the LRF cantilever. 
With regards to the output rms power, the HRF cantilever is able to deliver up to 200 
times higher than the LRF cantilever. 
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Figure 4.12 Instantaneous output voltages of LRF and HRF cantilevers at frequencies 
of (a) 20 Hz and (b) 25 Hz at 0.8 g. 
The peak voltage and peak power of the LRF and HRF cantilevers at frequencies 
ranging from 10 Hz to 30 Hz and acceleration of 0.8 g are shown in Fig. 4.14. As can 
be seen, significant improvement in the voltage and power output is observed after the 
LRF cantilever engages the HRF cantilever at frequencies ranging from 13 to 26 Hz. 
When the excitation frequency is below 13 Hz or above 26 Hz, the voltage and power 
outputs of both cantilevers are insignificant. This is due to the low vibration amplitude 
of the LRF cantilever which is insufficient to trigger the vibration of the HRF 
cantilever. Hence, one can see that the PEH-II system is able to not only operate in a 
low and wideband frequency range but also achieves a higher power output. The 
power density of the system (output power divided by the volume of the cantilevers) 
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Figure 4.13 Output power spectra of LRF and HRF cantilevers at frequencies of (a) 
20 Hz and (b) 25 Hz at 0.8 g. 
There are mainly three reasons for the significant improvement of the output 
power of the HRF cantilever. Firstly, due to the large area of the PZT film on the HRF 
cantilever, it is able to generate a much higher electric power. Because the more PZT 
material patterned, the more power would be generated for the same strain 
distribution (refer to Appendix B). Secondly, the unfolded beam length of the LRF 
cantilever is much longer than that of the HRF cantilever. Thus the average strain 
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hence results in a lower power output. Lastly, the HRF cantilever has much higher 
resonant frequency and capacitance comparing with the LRF cantilever, which would 
result in a extremely low piezoelectric impedance. Hence HRF cantilever is able to 
transfer much more power to the external load.. 
 
Figure 4.14 (a) Peak voltages and (b) peak power of the LRF and HRF cantilevers 
against frequencies from 10 to 30 Hz at 0.8 g. 
4.3.4 Comparison of PEH-I and PEH-II systems 
Table 4.2 shows a summary of the performance of the PEH-I and PEH-II systems in 
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the improved PEH-II system is able to achieve a much higher peak-power density of 
up to 164.6 μW/cm3 at frequency of 25 Hz. At present, there is no report of MEMS 
piezoelectric energy harvesters that is able to achieve a power density of at such level 
with a low operating frequency of less than 30 Hz. The PEH-II system has also 
extended the operating bandwidth to 13 Hz (from 13 to 26 Hz) which is near the 
vibration frequency of human motion (less than 10 Hz). This is an obvious advantage 
as currently there are still no reports of MEMS piezoelectric energy harvesters 
operating at such bandwidth range. 
Table 4.2 Comparison of PEH-I and PEH-II systems 









Peak power  
(μW) 
37 Hz 0.03 0.09 20 Hz 0.003 0.34 
51 Hz 0.06 0.13 25 Hz 0.01 0.87 
Cantilever size 
(mm3) 
 8x5x0.4 3x5x0.01  3.25x2x0.4 3.25x2x0.4 
Peak power density 
(μW/cm3) 
37 Hz 7.4 20 Hz 88.8 
51 Hz 11.8 25 Hz 164.6 
Resonant frequency 
(Hz) 36 20 
Operation bandwidth 
(Hz) 22 (30-52) 13 (13-26) 
 
4.4 Summary 
In this chapter, the design, microfabrication, modeling and characterization of FUC 
vibration-based MEMS PEH-I and PEH-II systems are presented. The devices are 
able to convert random or irregular low-frequency vibrations to high-frequency 
oscillations. A mechanical model has been employed and the working principles are 
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described. The dynamic behavior of both the FUC PEH-I and PEH-II systems are 
demonstrated experimentally. In the PEH-II system, the HRF cantilever which acts as 
a FUC oscillator, is triggered by using a LRF cantilever which acts as an excitation 
oscillator. As a result, the instantaneous output voltage and power of the HRF 
cantilever show significant improvement over the LRF cantilever. The main 
advantage of the proposed FUC approach is that it broadens the operating frequency 
range and increases the output power simultaneously. In addition, it is easy to 
assemble and does not require the use of extra energy or bulk magnets. For the PEH-I 
system, the operating bandwidth ranges from 30 to 52 Hz at a base acceleration of 0.8 
g and the peak-power density reaches 11.8 μW/cm3 at an operating frequency of 51 
Hz. For the PEH-II system, the peak-power density increases gradually from 25.8 to 
164.6 μW/cm3 in a broad frequency range of 13 to 26 Hz at 0.8 g. It is seen that the 
PEH-II system offers a possible solution for practical application in a low-frequency 
vibration environment such as that of human motion. 




A 3-D Multi-Frequency Vibration-Based MEMS 
Energy Harvester  
To harvest energy from vibration sources with different frequency peaks, numerous 
prototypes based on tunable, wideband and multiple-frequency approaches have been 
discussed in Chapter 2. In general, most of the tunable and wideband energy 
harvesters operate in a continuous frequency range. In this chapter, the development 
of a multiple-frequency energy harvester operating at three discrete resonant 
frequencies is discussed. Most of the reported energy harvesters are designed to 
scavenge energy only from a single vibration direction. To overcome the limitations 
of 1-D and 2-D energy harvesting and scavenge energy from vibration sources of 
different directions, a 3-D vibration-driven electromagnetic MEMS energy harvester 
with multiple vibration modes has been proposed. The device is capable of 
scavenging energy from out-of-plane vibrations at mode I as well as in-plane 
vibrations at modes II and III. 
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5.1 Design and Fabrication 
5.1.1 Device configuration 
The proposed 3-D multi-frequency electromagnetic energy harvester is shown 
schematically in Fig. 5.1 (a). It consists of a movable circular-mass with a diameter of 
4.5 mm and a thickness of 450 µm, and is suspended by a circular-ring system. The 
circular-ring system consists of three concentric rings with a width of 30 µm and a 
height of 150 µm which are connected to each other at a spacing of 200 µm by a 
series of junction blocks placed at an interval of 60°. The concentric rings are 
designed to have the same spring stiffness along in-plane direction, so as to resonate 
in two orthogonal in-plane directions with nearly the same resonant frequencies.  
 
Figure 5.1 (a) A schematic drawing and (b) microfabricated 3-D energy harvester chip; 
(c) schematic drawing and (d) photograph of the device assembled with magnet. 
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Figure 5.2 Finite element analysis of (a) mode I at 1216 Hz; (b) mode II at 1497 Hz; 
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Three diamond-shaped Al coils (Coils 1, 2 and 3) are mounted symmetrically 
about the axes through a 120° sector. Each coil consists of two layers and each layer 
contains 17 loops of 1X10 µm wires with a spacing of 25 µm between each loop. The 
coils are connected to their individual bonding pads. The energy harvester is mounted 
on a spacer chip and assembled onto a DIP which is connected to the bonding pads by 
gold wires. A permanent magnet of diameter 3 mm and length 2 mm is attached on a 
supporting beam and is placed on top of the chip with a gap of 1 mm as shown in Figs. 
5.1 (c) and (d). When the circular-mass vibrates in-plane or out-of-plane, the relative 
movement between the coils and magnet will induce an electrical current according to 
Faraday’s law of induction. 
A finite element analysis employing Abaqus has been conducted to study the 
vibration behaviors of the energy harvester. In the simulation, the material properties 
of the crystal-orientation-dependent Si wafer have elastic stiffness coefficients of C11 
= 165.6 GPa, C12 = 63.9 GPa, C44 = 79.5 GPa at room temperature [153]. Figure 5.2 
shows the mode shapes of the first three vibration modes (modes I, II and III) 
corresponding to resonant frequencies of 1216, 1497 and 1522 Hz, respectively. At 
mode I, the circular-mass oscillates out-of-plane, while at modes II and III, in-plane 
oscillations occur along the y- and x-axis, respectively. It is seen that the in-plane 
resonant frequencies of modes II and III are almost similar. The slight difference in 
frequency of 25 Hz is due to the anisotropy of the material property.  
5.1.2 Fabrication process 
The process flow of microfabrication is illustrated in Fig. 5.3. A SOI wafer consisting 
of a 150-µm-thick Si device layer, a 1-µm-thick BOX layer and a 725-µm-thick Si 
handle layer is in use. In Fig. 5.3 (a), a 0.1-µm-thick Si3N4 insulation layer is first 
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deposited on the frontside surface of the SOI wafer using a plasma-enhanced chemical 
vapor deposition (PECVD) system (Novellus SequelTM Express PECVD). A 1-µm-
thick Al layer is then deposited by physical vapor deposition (Applied Materials 
EnduraTM HP PVD) followed by RIE process by a Applied Materials Centura 
Electron Cyclotron Resonance Etcher with a combination gas of C12/BC13/Ar in the 
ratio of 110:60:15 for patterning the first coil layer and bonding pads using Mask 1 as 
shown in Fig. 5.3 (b). Subsequently, a 0.8-µm-thick Si3N4 insulation layer is 
deposited by PECVD and pad openings are formed by RIE process by Lam Research 
Exelan HPT Dielectric Reactive Ion Etcher using Mask 2 as shown in Fig. 5.3 (c). 
Using Masks 3 and 4, 1-µm-thick Al and 0.8-µm-thick Si3N4 are again deposited, 
patterned and etched to form the second coil layer and contact pads as shown in Fig. 
5.3 (d). A 2-µm-thick SiO2 layer is then deposited on the top surface by Novellus 
SequelTM Express PECVD as a passivating and hard mask layer followed by 
patterning and RIE of the SiO2, Si3N4 layers using CHF3 (for SiO2) and CF4 (for 
Si3N4). As shown in Fig. 5.3 (e), a Si device layer with depth of 150 µm is then DRIE 
to form the frontside features, such as the circular-mass and rings of the device.  
After the frontside processes are completed, the SOI wafer is reduced to 
approximately 450 µm by backside grinding and polishing. Thus the handle layer 
thickness is reduced from 725 µm to be around 300 µm. A 2-µm-thick SiO2 is then 
deposited on the backside of the wafer as a hard mask layer by Surface Technology 
Systems PECVD. A thick photoresist layer is subsequently patterned on the SiO2 
layer using Mask 6 followed by a backside Surface Technology Systems DRIE to a 
maximum depth of 300 µm as shown in Figs. 5.3 (f) and (g). To ensure that the entire 
Si handle layer is fully etched away, a uniform backside DRIE process is employed 
and eventually terminated at the BOX layer. Before the DRIE process is carried out, 
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the wafer is diced into small chip size to avoid breakage during the wet etching and 
release processes. In Fig. 5.3 (h), the final process involves dry etching of the 
remaining SiO2 on the frontside and BOX layers by CHF3 plasma.  
 
Figure 5.3 Microfabrication processes of the 3-D multi-frequency electromagnetic 
energy harvester chip. 
A scanning electron micrograph (SEM) of the fabricated device is shown 
(partially) in Fig. 5.4. The enlarged sections indicate that the height of the circular 
mass has been reduced from 450 µm to less than 400 µm due to over etching of the 
backside DRIE process. In addition, the width of the circular-ring is reduced from 30 
µm to approximately 20~25 µm after the frontside DRIE process. Depending on the 
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location of the chip on the wafer, the circular-rings may display asymmetrical 
undercut. Such geometrical imperfection may lead to changes in resonant directions 
and frequencies [146]. 
 
Figure 5.4 SEM images of the fabricated electromagnetic energy harvester chip. 
5.2 Modeling and Simulation 
5.2.1 Dynamic model  
A vibration-based energy harvester can essentially be considered as a second-order 
mass-spring-damper system as discussed in the previous chapter. The differential 
equation of mass motion is determined by Newton’s Second Law as  
)()()()( tYMtKZtZCtZM  −=++                                                                     (5.1) 
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where M, K, and C are the mass, spring stiffness and damping factor of the system, 
respectively; Z(t) is the relative displacement of the mass with respect to the 
supporting base; Y(t) = Ysin(ωt) is a harmonic excitation applied to the system with 
excitation amplitude Y and frequency ω.  
The relative displacement of mass motion Z(t) can be derived from the steady-














n                                        (5.2) 
where ωn is the resonant frequency of the system MKfrn /2 == πω ; ς is the 
overall damping ratio MCn /2 =ςω ; φ is the phase angle between the base excitation 
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When the excitation frequency and direction matches with the resonant frequency and 
direction of the system at one of the vibration modes ( nωω = ), the relative 











−= tYtZ nn                                                                                 (5.5) 
5.2.2 Electro-magnetic model 
An electro-magnetic model of the proposed 3-D multi-frequency electromagnetic 
energy harvester is constructed to calculate the vibration-induced voltage and power. 
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Figure 5.5 shows a schematic illustration of the top view of a circular mass with three 
coils (Coils 1, 2 and 3) placed in a magnetic field which is assumed to be uniform 
with strength B

 in area AB (shaded area). Each coil consists of two layers and each 
layer contains 17 loops (shown as 2 loops of a layer for simplicity). Since the 
magnetic field covers a smaller area than that of the circular mass, some loops would 
fall outside the magnetic field.   
 
Figure 5.5 Schematic drawing of the top view of a vibrating mass with coils (Coils 1, 
2 and 3) placed in a magnetic field. 
According to Faraday’s law of induction, the electromotive force (emf) ε of a 
coil is proportional to the negative of the rate of change of the magnetic flux as 
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where Φ is the magnetic flux density; t is the time; i is the order number of each loop; 
n is the total number of loops of a coil; Ai is the magnetic field area included in the i-
th loop. Equation (5.7) is a general expression of the vibration-induced voltage, which 
includes both the change of the magnetic field strength and the area in each loop.  
In the out-of-plane motion (mode I), the magnetic field area Ai included in each 
loop is assumed constant, thus the second term is ignored and a simplified induced 









ε                                                                                                (5.8) 
For the first vibration mode, as shown in Eq. (5.8), the out-of-plane vibration-induced 
voltage is related to the rate of change of the magnetic field strength as well as the 
total effective magnetic field area of a coil. For a cylindrical magnet, the magnetic 




















htdBtB r                                            (5.9) 
where Br is the residual magnetic field strength; r and h are the radius and length of 
the magnet, respectively; d(t) is the gap distance from the coil to the magnet. The 
variation of the gap distance d(t) is related to the difference between the initial gap d0 
and the vertical mass motion. Hence, the rate of change of the magnetic field strength 
)(tB can be obtained. The total magnetic area Ai of each coil can be calculated 
numerically and subsequently the out-of-plane vibration-induced voltage εout.   
For the in-plane motion (modes II and III), the magnetic field strength of each 
coil is assumed uniform. Thus the first term of Eq. (5.7) is ignored and the induced 
voltage εin by in-plane motion is given by 














sinθε                                                                     (5.10) 
where li is the effective length of each loop included in the electromagnetic field; θi is 
the angle between the in-plane velocity v and the induced current direction along each 
wire. In our design, a coil loop consists of four wires. Hence, in a given loop, angle θi 
in each wire could vary. The effective coil length and angle θi are determined 
numerically and subsequently the induced voltage εin by in-plane motion is obtained 
using Eq. (5.10). 
5.2.3 Simulation of induced voltage due to in-plane motion 
To study the induced voltage of each coil due to an in-plane motion, the circular-mass 
is assumed to move in an arbitrary direction at a constant velocity of 0.3 m/s2. For a 
gap distance of 0.5 mm between the magnet and the circular-mass, the 
electromagnetic field strength is 0.2 T according to Eq. (5.9). Figure 5.6 (a) shows the 
induced voltages of Coils 1, 2 and 3 obtained based on Eq. (5.10) in a polar 
coordinate system, where the polar radius represents the rms voltage value of each 
coil and the angular values represent the directions of the mass motion with respect to 
the x-axis. As seen, the maximum voltages of Coils 1, 2 and 3 occur at angles of 90° 
(270°), 30° (210°) and 150° (330°), respectively, while the minimum voltages occur 
at angles perpendicular to these angles. For a mass motion along 60° (240°) direction, 
Coils 1 and 2 show similar output voltages as indicated by points A and A’. However, 
at this angle there is little or no voltage output in Coil 3 as indicated by point O. When 
the mass motion is at an angle of 150° (330°), the output voltage of Coil 3 is 
maximum as indicated by point B and B’, which is more than twice that of Coi1s 1 
and 2 as indicated by point C and C’. The similar voltage output of Coils 1 and 2 at 
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angles of 60° (240°) and 150° (330°) are due to their symmetrical layout along the 
150° (330°) axis as indicated in Fig. 5.5 (a). The coils experience a similar change of 
magnetic flux when the mass moves along these two axes. In between these axes, Coil 
1 produces more voltage output or less than Coil 2 since it experiences more changes 
of magnetic flux or less than Coil 2. For Coil 3, it would experience a maximum 
change of magnetic flux when the mass moves along the 150° (330°) axis and a 
minimum when it moves along the 60° (240°) axis. 
 
Figure 5.6 (a) Output voltage of each coil with respect to the in-plane mass motion; (b) 
schematic illustration of the relationship between the input velocity and the resultant 
driving velocity at resonant mode. 
The above discussion is based on the assumption of a constant value of mass-
motion velocity. It is important to note that the resultant mass motion is not only 
influenced by the external excitation but also dependent on the resonant mode of the 
energy harvester. Figure 5.6 (b) shows an input excitation velocity of 0v
 at an angle α’ 
and a resonant mode at an angle β’. From Eq. (5.5), the mass-motion velocity at 
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−= tvtv nr , where ''' αβγ −= is the 
angle between the input velocity and the resonant mode, and the resultant driving 
velocity ev

 is given by )'cos(0 γvve = . 
5.3 Experimental Work and Discussion 
5.3.1 Experimental setup  
The experimental setup includes a shaker, a power amplifier, an accelerometer and a 
DSA coupled to a computer through a GPIB port. The device is attached to a 
breadboard and mounted on a rotation stage. As shown in Fig. 5.7, the rotation stage 
is assembled onto a L-shaped holder to perform both out-of-plane (setup (a)) and in-
plane motions (setup (b)). As the 3-D energy harvester device is excited with different 
frequencies, amplitudes and directions, the generated voltages of each of the three 
coils are recorded by different channels of the DSA and the computer as well.  
5.3.2 Out-of-plane behavior (mode I) 
Based on experimental setup (a), the out-of-plane motion induced voltages of Coils 1, 
2 and 3 for excitation frequencies of 1200 to 1400 Hz at acceleration of 1.0 g are 
shown in Fig. 5.8. As the permanent magnet is placed above the center of the 
vibrating-mass, the coils experience similar magnet flux change and hence would 
generate similar output voltages (around 3.5~3.6 mV at resonant frequency of 1285 
Hz). It is noted that the mode I (frequency of 1285 Hz) is about 5.7% higher than the 
simulated result of 1216 Hz (as shown in Fig. 5.2). The slight discrepancy is due to 
the difference in the material property as well as a slight variation in the dimensions 
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of the actual fabricated device. The simulated voltage εout of a single coil obtained 
using Eq. (5.8) is also included in the figure, and the results agree well with the 
experimental data. Details of the various parameters used in the simulation are given 
in Table 5.1.  
 
Figure 5.7 Schematic illustrations of experimental setup for (a) out-of-plane and (b) 
in-plane excitations. 
 
Figure 5.8 Experimental and simulated output voltages at excitation frequencies of 
1200 to 1400 Hz with out-of-plane input acceleration of 1.0 g. 
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Table 5.1 Structural and simulation parameters of the 3-D energy harvester device 
Structural and simulation parameters Values 
Magnet type NeFeB (1.2T) 
Magnet diameter 3 mm 
Magnet height 2 mm 
Initial gap distance 1 mm 
Circular-rings width 30 µm 
Circular-rings thickness 150 µm 
Circular-rings spacing 200 µm 
Metal line width 10 µm 
Metal line thickness 1 µm 
Metal lines spacing 25 µm 
Coil turns of each layer 17 
Resistance of Coil 1 640 Ω 
Resistance of Coil 2 600 Ω 
Resistance of Coil 3 560 Ω 
Circular-mass diameter 4.5 mm 
Circular-mass thickness 450 µm 
Overall damping ratio 0.0018 
Chip size 10 X 8 X 0.45 mm3 
 
When the coils are connected in series and the out-of-plane excitation is at mode 
I resonance of 1285 Hz and acceleration of 1.0 g, the overall output rms voltage and 
power for various load resistances are shown in Fig. 5.9. As can be seen, the output 
voltage increases monotonically as the load resistance increases. When the load 
resistance matches the total internal resistance of 1.8 kΩ, a maximum output power of 
0.016 µW is achieved. This translates into a power density of 0.444 µW/cm3, which is 
obtained from the output power normalized by the chip volume. 
5.3.3 In-plane behavior (modes II and III) 
By using experimental setup (b), the output voltages at excitation frequencies of 1200 
to 1700 Hz and acceleration of 1.0 g are recorded at different in-plane excitation 
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angles in increment of 30°. From the simulated results, modes II and III are expected 
to occur along the y- and x- directions, respectively. In reality, due to the material 
anisotropy and variation in the dimensions of the actual fabricated device, they occur 
at angles of 60° (240°) and 150° (330°). Hence, the device is excited at angles of 60° 
and 150°, and the output rms voltages as a function of the frequency are shown in Fig. 
5.10.  
 
Figure 5.9 Overall output rms voltage and power against load resistance at mode I. 
As shown in Fig. 5.10 (a), at excitation angle of 60°, the rms peak voltage of 
Coils 1 and 2 at mode II frequency of 1470 Hz are 3.6 and 2.9 mV, respectively, 
while the peak voltage of Coil 3 at mode II is not very obvious. At mode III frequency 
of 1550 Hz, the peak voltage of Coil 3 is only 0.26 mV, while the peak voltages of 
Coils 1 and 2 are hardly noticeable. A tentative inference on this figure is that the 
resonant mode II of the device occurs along angle of 60° (240°), while mode III is 
perpendicular to this angle as 150° (330°). Based on the simulation results as shown 
in Fig. 5.6, for mode II at angle of 60°, the excitation angle is just along the mode II 
direction. The output voltages of Coils 1 and 2 reach the maximum values, while that 
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of Coil 3 is almost zero. For mode III at angle of 150°, since the excitation angle of 60° 
is perpendicular to mode III direction, the resultant driving velocity at angle of 150° 
would be quite small. Hence, the voltage peaks of Coils 1, 2 and 3 are not very 
obvious for mode III.  
 
 
Figure 5.10 Output rms voltages with an input acceleration of 1.0 g as a function of 
frequency at excitation angles of (a) 60° and (b) 150°. 
In Fig. 5.10 (b), at an excitation angle of 150°, a peak voltage of 2.6 mV is 
generated by Coil 3 at mode III. For Coils 1 and 2, peak voltages are also observed at 
both modes II and III resonance. Similarly, a tentative explanation on this figure is 
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that the excitation angle is just along the mode III direction at angle of 150°. Coil 3 
reaches its maximum output voltage, which is about twice that of Coi1s 1 and 2. 
While similar voltage outputs of Coils 1 and 2 are obtained due to their symmetrical 
layout along the 150° axis. The results also indicate that at both excitation angles of 
60° and 150°, the simulated frequencies of 1497 Hz (mode II) and 1522 Hz (mode III) 
agree well with the measured values to within 1.8%.  
To further study the performance of the device, the output rms voltages excited 
at modes II and III resonance at excitation angles ranging from 0° to 180° in 
increment of 30° are shown in Fig. 5.11. Since the harmonic excitations from 180° to 
360° show identical response due to symmetry, the data are extended to the full range 
of 360°. For mode II resonance at frequency of 1470 Hz, the experimental results 
represented as E-Coils 1, 2 and 3 are shown in Fig. 5.11 (a), while the simulation 
results (using Eq. (5.10)) are shown as S-Coils 1, 2 and 3. The parameters used in 
simulation are as shown in Table 5.1. The simulated results of Coils 1 and 2 (in red 
solid line) are similar and generally agree well with the experimental data, while the 
simulated voltage output of Coil 3 (in red dash line) is almost zero and hence is hardly 
noticeable in the figure.  
From the experimental results, it is seen that at an excitation angle of 60° (240°), 
Coils 1 and 2 exhibit similar output characteristics with maximum voltages of 3.6 mV 
(Coil 1) and 2.9 mV (Coil 2). While at an excitation angle of 150° (330°) which is 
perpendicular to 60° (240°), the output voltages generated are at their minimum of 0.8 
mV (Coil 1) and 0.7 mV (Coil 2). The output voltage decreases gradually from the 
peak value to the minimum as the excitation angle changes from 60° (240°) to 150° 
(330°). For Coil 3, the output voltage at any excitation angle is generally negligible. 
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This figure fully validates the previous inference that the resonant mode II of the 
device occurs along angle of 60° (240°).  
 
 
Figure 5.11 Experimental and simulated output voltages with input acceleration of 1 g 
as a function of excitation angle α for modes (a) II and (b) III. 
Similarly, the experimental and simulated output voltages of the coils for mode 
III resonance at frequency of 1550 Hz are shown in Fig. 5.11 (b). At excitation angle 
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and 2.6 mV, respectively. The minimum output voltages of these coils are only 
0.2~0.3 mV at a perpendicular excitation angle of 60° (240°). In general, the 
simulated results agree well with the experimental. This figure again confirms that the 
resonant mode III of the device occurs along angle of 150° (330°). 
 
 
Figure 5.12 Calculated overall optimum (a) power and (b) power density for modes II 
and III with respect to different excitation angles at input acceleration of 1 g. 
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From the measured voltages for both modes II and III, the optimum power of 
each coil is calculated when the load resistance matches with the coil resistance. The 
overall optimum power (sum of the optimum power of Coils 1, 2 and 3) for modes II 
and III with respect to different excitation angles are shown in Fig. 5.12 (a). The 
corresponding power densities are shown in Fig. 5.12(b). As expected the maximum 
power and power densities for both modes II and III correspond to their respective 
maximum voltage directions at 60° (240°) and 150° (330°), respectively. Other than 
the resonance angle, the power generation decreases gradually and reaches its 
minimum value at the angle just perpendicular to its resonance angle. For mode II, the 
maximum power and power density obtained are approximately 0.0087 µW and 0.242 
µW/cm3, respectively, while for mode III, the maximum power of 0.0045 µW and 
power density of 0.125 µW/cm3 achieved are only about half of those for mode II.  
Table 5.2 Experimental results of vibration behavior and output performance of the       
3-D multi-frequency energy harvester device 
 Mode I Mode II Mode III 
Mode shape z-axis  (out-of-plane) 
60° to x-axis  
(in-plane) 
150° to x-axis  
(in-plane) 
Resonant frequency (Hz) 1285 1480 1550 
Peak rms 
voltage (mV) 
Coil 1 3.6 3.6 1.1 
Coil 2 3.5 2.9 1.3 
Coil 3 3.6 0.04 2.6 
Maximum power (µW) 0.016 0.0087 0.0045 
Power density (µW/cm3) 0.444 0.242 0.125 
 
The overall vibration performance of the proposed 3-D multi-frequency energy 
harvester is summarized in Table 5.2. As can be seen, the device exhibits out-of-plane 
and in-plane (3-D) resonance vibrations along z-axis (mode I of frequency 1285 Hz), 
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60° (mode II of frequency 1470 Hz) and 150° (mode III of frequency 1550 Hz) with 
respect to x-axis, respectively. The optimized power of the device for modes I, II and 
III are 0.016, 0.0087, and 0.0045 µW, respectively, at excitation acceleration of 1.0 g. 
Accordingly, the power densities for these three modes are 0.444, 0.242, and 0.125 
µW/cm3, respectively.  
5.4 Summary 
The design, fabrication and characterization of a 3-D MEMS electromagnetic energy 
harvester with multiple resonant frequencies have been described. Electro-magnetic 
model has been built for both out-of-plane and in-plane vibration-induced voltages of 
Coils 1, 2 and 3. The simulations show that for Coils 1, 2 and 3, the maximum 
voltages were induced at angles of 90° (270°), 30° (210°) and 150° (330°), 
respectively. The device is characterized by both out-of-plane and in-plane excitations 
with three vibration modes (modes I, II and III) which are perpendicular to each other 
at resonant frequencies of 1285, 1470 and 1550 Hz. Experiments show that the 
directions of the three resonance modes are along the z-axis (mode I), and at 60° 
(mode II) and 150° (mode III). The overall optimized power are respectively 0.016, 
0.0087 and 0.0045 µW at an acceleration of 1.0 g. The power output could further be 
improved by increasing the excitation acceleration, the number of coils and layers and 
the magnetic field strength. With further optimization in the design and dimensional 
parameters, it is expected that the three vibration modes would be brought nearer to a 
common resonant frequency. This would improve the effectiveness in harvesting 
ambient kinetic energy. The results have shown a good potential for realizing a 
practical 3-D vibration-driven energy harvester device. 




Conclusions and Recommendations 
6.1 Conclusions on Current Work 
This thesis covers the work done on design and development of various vibration-
based MEMS energy harvesters for sustaining self-autonomous wireless sensor nodes. 
The main focus of this research is to explore and investigate new MEMS-based 
energy harvesting mechanisms for resolving current problems on environmental 
vibrations of low and random frequencies in multiple directions.  
Wideband energy harvesters are highly desirable for scavenging energy from 
random and irregular environmental vibrations. In this work, we have designed and 
developed a piezoelectric MEMS energy harvester with wide operating range by 
using mechanical stoppers. Analytical and experimental investigations on broad 
frequency response of the system with stoppers on one side (configuration I) and two 
sides (configuration II) have been conducted. The key parameters for the frequency 
response, including base acceleration, damping ratio, frequency characteristic and 
stopper distance, have been studied. The system has achieved wideband range of 32-
42 Hz (for configuration I with bottom-stopper distance of 1.1 mm ) and 30-48 Hz 
(for configuration II with top-stopper distance of 0.75 mm and bottom-stopper 
distance of 1.1 mm) with respect to a center operating frequency of 36 Hz at 
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acceleration of 0.6 g. In terms of NFB, the proposed wideband PEH system has 
realized a much higher NFB of 0.28 (configuration I) and 0.5 (configuration II) than 
other reported energy harvesters. It is also noteworthy that the system provides a 
major advantage of achieving both frequency wideband and FUC behaviors at the 
same time. 
FUC energy harvesters, which convert ambient low-frequency excitations into 
high-frequency self-oscillations, have been introduced to boost the output power of 
the devices. In this work, FUC MEMS energy harvester systems (PEH-I and PEH-II), 
which are able to convert the low-frequency of 36 Hz (PEH-I) and 20 Hz (PEH-II) of 
the excitation oscillators to high-frequency self-oscillations of 618 Hz (PEH-I) and 
127 Hz (PEH-II) by incorporating piezoelectric MEMS FUC cantilevers have been 
developed. The operation principle has been demonstrated and a mechanical model 
has been employed to simulate the dynamic behavior.  In the PEH-II system, it is seen 
that a significant improvement in the output power has been achieved. The main 
advantage of the proposed FUC approach is that it broadens the operating frequency 
range and increases the output power simultaneously. In addition, the proposed FUC 
energy harvester systems have quite low operating frequency of less than 50 Hz, 
which is not seen in other piezoelectric MEMS energy harvesters. Hence, the design 
offers a possible solution for harvesting energy from extremely low-frequency 
vibrations such as that of human motion. 
A 3-D multi-frequency energy harvester has also been designed and the device is 
able to scavenge energy from out-of-plane vibration in mode I frequency of 1285 Hz 
as well as in-plane vibration in mode II frequency of 1470 Hz and mode III frequency 
of 1550 Hz. These three vibration modes are perpendicular to each other along the z-
axis (mode I), and at 60° (mode II) and 150° (mode III) to the x-axis. The simulation 
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results of the output voltages for Coils 1, 2 and 3 based on an electro-magnetic model 
show good agreement with the experimental results. Overall optimized power 
densities of 0.444, 0.242 and 0.125 µW/cm3 at modes I, II and III were achieved. The 
results have shown a good potential for realizing a practical 3-D vibration-driven 
energy harvester device. 
6.2 Recommendations for Future Work 
Energy harvesting is a clean and renewable power solution for wireless sensor 
networks. There is a wide variety of applications that could greatly benefit from 
vibration-based MEMS energy harvesters. Currently, a wide coverage of studies 
together with depth investigations on critical issues have been carried out, including 
wideband, FUC and 3-D, for realizing not only higher output power but also wider 
operating variance for adapting to various vibration scenarios. However, a few issues 
have yet to be addressed with rooms for further improvements and optimization.  
In the current reported wideband energy harvesters, most achieve a broad 
operating range at the expense of a reduced power output. A new concept to replace 
the mechanical stoppers with piezoelectric FUC cantilevers for achieving both 
wideband and FUC behaviors at the same time has been demonstrated. As a result, the 
system could not only respond to low and random frequency vibrations, but also have 
significant power improvement. However, the author’s current study is evaluated by 
incorporating two PZT cantilevers assembled together mechanically. Other integrated 
design configurations with optimized stopper distance and frequency characteristics 
could be developed using the MEMS fabrication and chip-to-chip bonding technique. 
With further reduced device volume and optimized parameters, the integrated system 
would be more effective for harvesting vibration energy. If a packaged device with 
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reduced operating frequency is able to be attached on the human body, such as fingers, 
hand wrists or limbs, this energy harvesting system would respond to irregular 
vibrations from human movements in a wide frequency range of around 10 Hz.  
The proposed 3-D multi-frequency MEMS energy harvester operates at 
relatively high frequencies, which limits its application in common vibration sources 
of less than 200 Hz. Thus a compliance structure design is required by either reducing the 
width and thickness of the circular-rings, or increasing the circular-mass and the numbers 
of circular-rings. Another solution for compliance structure is to use polymer-based 
spring structure with low Young’s modulus for replacing Si springs. Both methods would 
introduce the microfabrication challenge to some extent. In addition, the power output 
could further be improved by increasing the number of coils and layers and 
optimizing the coil layout and magnets arrangement. By further optimizing the design 
and dimensional parameters, it is expected that the three vibration modes would be 
brought nearer to a low resonant frequency which would improve the effectiveness in 
harvesting the ambient kinetic energy from a 3-D vibration sources.  
The energy conversion coefficients of current reported MEMS energy harvesters 
based on piezoelectric, electromagnetic and electrostatic mechanisms are restricted by 
the conversion mechanisms themselves. To further improve the power efficiency, 
ZnO nanowires have been considered as a promising candidate for piezoelectric-based 
energy harvesting. A research group in Georgia Tech has successfully fabricated high-
output flexible nanogenerators using horizontally aligned ZnO nanowire arrays [155-
156]. The electrical output reached a peak power density of ~11 mW/cm3, which is 
10-20 times of that from PZT-based energy harvesters. By integrating with laterally-
arrayed ZnO nanowires on top of a low-frequency MEMS cantilever, the power 
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Appendix A: Frequency Response of A Wideband Energy Harvester 
with Stoppers on Two Sides 
The dimensionless equation of the mass motion of an impact-based energy harvester 
system with stoppers on two sides is given by 



































                                            (A.2) 
The first-order approximate solution of (A.1) is assumed to be  
))(sin()( τϕτau =                                                                                             (A.3) 
))(cos()( τϕρτau =                                                                                          (A.4) 
)()( τβρττϕ +=                                                                                              (A.5) 
where )(τa is a slowly varying amplitude, and )(τβ is a slowly varying phase 
difference between the base excitation and the response. Eqs. (A.3) and (A.4) imply 
that 
0cossin =+ ϕβϕ  aa                                                                                          (A.6) 
),()sin(2 20 uufuuu  +=++ ρτρξ
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Since the variables a  and β vary slowly, we may suppose that their average values 
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For the steady-state response solution of the system, the time derivatives on the 
left-hand side of Eqs. (A.10) and (A.11) are considered to be zero. Hence integration 




































       
(A.14) 
Combining Eqs. (A.13) and (A.14), the implicit equation for the amplitude a as a 
function of the excitation frequency ρ is given by 
                                                                                          (A.15) 
where X1 and X2 are in the right-hand side of Eqs. (A.13) and (A.14), respectively. 
Based on the frequency-response function (A.15), the dimensionless amplitude a with 
respect to frequency ρ can be obtained accordingly. 
Appendix B: Series and Parallel Connections of PZT Elements  
As shown in Fig. 3.3, on the supporting beams of PEH-L and PEH-H, ten parallel-
arrayed PZT elements are patterned on top of each beam and they are series assigned 
Arabic numbers from 1 to 10. The PZT elements are electrically isolated from one 
another for ease of connection in series or in parallel in the measurement. 
B.1   Voltage outputs for PZT elements connected in series and in parallel 
In order to study the output performance of PZT elements connected in series and in 








is conducted by using vibration testing system in Fig. 3.11. The input impedance 1 
MΩ of DSA is served as the load resistance in the testing and following discussion.  
 
 
Figure B.1 Load rms voltages against frequencies for gradually increasing numbers of 
PZT elements connected in series at accelerations of (a) 0.1 g and (b) 0.2 g. 
Figures B.1 (a) and (b) show the load rms voltages against frequencies for 
gradually increasing numbers of PZT elements connected in series at accelerations of 
0.1 g and 0.2 g, respectively. Likewise, Figs. B.2 (a) and (b) show the load rms 
voltages against frequencies for varying numbers of PZT elements connected in 





















































elements of No. 2, 3, 4, 9, 8 and 7 connected in series and “P234987” means PZT 
elements of No. 2, 3, 4, 9, 8 and 7 connected in parallel. It is found that the load rms 
voltages for series connection overlap with each other and are not affected by the 
connected numbers of PZT elements. However, for parallel connection, as the 
numbers of PZT elements gradually increasing from 1 to 6, the load rms voltages 
increase. As seen in Fig. B.2, the maximum voltage peaks of 94 and 119 mV occur at 




Figure B.2 Load rms voltages against frequencies for gradually increasing numbers 




























































From Figs. B.1 and B.2, the voltage peaks at resonant frequency of 36 Hz for 
different numbers of PZT elements connected in series and in parallel are extracted 
and shown in Fig. B.3 (a), where the trend difference can be seen more clearly. For 
series connection, the load rms voltage keeps relatively constant regarding to the 
gradually increasing numbers of PZT elements. However, for parallel connection, the 
load rms voltage raises with the increment of connected PZT elements. The raising 
rate of the load rms voltage decreases until relatively constant with the increment of 
PZT elements. 
Such voltage trends for series and parallel connections are due to the large PZT 
impedance. It is known that, for n voltage sources connected in series, the resultant 
voltage is n times larger than single voltage source. However, the resultant impedance 
is also n times larger than the impedance of single voltage source (here refers to PZT 
element). Therefore, the load voltage delivered to the external impedance which is 
smaller than the impedance of single PZT element does not change much. For n 
voltage sources connected in parallel, the resultant voltage is the same as single 
voltage source. Meanwhile, the resultant impedance is 1/n times smaller than the 
impedance of single PZT element. Therefore, initially the load voltage delivered to 
the external impedance will increase greatly, but gradually keep constant as increasing 
numbers of voltage sources connected. Such trends can be explained and verified by 
using simulation software SPICE as shown in Fig. B.3 (b). In the simulation, the 
source voltage Vs of each PZT element is derived from the measured load rms voltage 
VL in Fig. 3.14 (b) by using equivalent circuit as shown in Fig. 3.12. It is found that 
the simulation results match quite well with the experimental results. The minor 
difference is because the fluctuation of the impedance of each PZT element was not 





Figure B.3 (a) Experimental and (b) simulation results of voltage peaks at resonant 
frequency for different numbers of PZT elements connected in series and in parallel. 
B.2   Power outputs for PZT elements connected in series and in parallel 
In Figs. B.4 and B.5, the load rms voltages and corresponding power outputs are 
presented regarding to varying resistances by experimental and simulation methods. 
In the experiment, load resistors in parallel with DSA are connected with six PZT 









0 1 2 3 4 5 6 7





















0 1 2 3 4 5 6 7















the DSA is referring to the resultant resistance of the external resistors and internal 
impedance of the DSA connected in parallel.  
 
Figure B.4 Experimental results of (a) load rms voltages and (b) power outputs 
against load resistances for six PZT elements in series connection; Simulation results 
of (c) load rms voltages and (d) power outputs against load resistances for six PZT 
elements in series connection. 
Figure B.4 (a) and (b) show the experimental results of load rms voltages and 
power outputs against load resistances for six PZT elements connected in series at 
accelerations of 0.1 g and 0.2 g. It is seen that the load rms voltages and power 
outputs increase monotonically. Be noted that the load resistance range is within 800 
kΩ, because the impedance of DSA is 1 MΩ, the resultant load resistance will always 
be smaller than 1 MΩ, no matter how large the external resistors of the circuit 

















































































load impedance matches with the resultant internal impedance of the PZT elements in 
the circuit. For six PZT elements connected in series, the resultant impedance is too 
large that beyond the measurement range. Therefore, in Fig. B.4 (b), it is only seen a 
gradually growing power output without appearing a maximum power peak. To 
complete and present the whole curve, simulation results by SPICE are shown in Figs. 
B.4 (c) and (d). It is seen that the load rms voltages tend towards constant values after 
monotonically increasing. The power outputs reach the maximum values of 11.4 and 
20.9 nW with the matched load resistance of 12.5 MΩ at 0.1 g and 0.2 g, respectively. 
 
Figure B.5 Experimental results of (a) load rms voltages and (b) power outputs 
against load resistances for six PZT elements in parallel connection; Simulation 
results of (c) load rms voltages and (d) power outputs against load resistances for six 





















































































For six PZT elements connected in parallel, Figs. B.5 (a) and (b) show the 
experimental results of load rms voltages and power outputs against load resistances 
at accelerations of 0.1 g and 0.2 g. It is seen that the load rms voltage increases 
monotonically as the load resistance increasing. Nevertheless, the power outputs come 
out the peak values of 11.6 nW and 23.3 nW with matched resistance of 333 kΩ at 0.1 
g and 0.2 g. The simulation results are shown in Figs. B.5 (c) and (d). Similarly, the 
slope of the curve of the load rms voltage tends to be gradually reduced after the load 
resistance continuously increased above the value of the load resistance at maximum 
output power. Besides, the power outputs reach the maximum values of 11.6 and 23.3 
nW which are in the same level as the values of 11.4 and 20.9 nW for six PZT 
elements in series connection in Figs. B.4 (c) and (d) at the accelerations of 0.1 g and 
0.2 g, but with a quite small matched load resistance of 330 kΩ. Thus it is concluded 
that, in spite of the connection types of these PZT elements, the optimal power 
generated for six PZT elements remain the same with respect to corresponding 
matching load resistance. 
Comparing the experimental results in Fig. B.4 (b) and Fig. B.5 (b), although 
PZT elements connected in series and in parallel produce similar power into matched 
load resistance, the matched resistance in case of parallel is much lower than the one 
of series connection. So it is concluded that PZT elements in parallel connection is 
preferred, because it produces much higher power output than the case of series 
connection under low load resistance. For this reason, the power generation for PZT 
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